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PREFACE. 



The following pages on the Elements of Practical 
Construction have been compiled for students in En- 
gineering, on the same general plan as that adopted 
by the author in a work on Practical Hydraulics, which 
has been received with considerable favour by those 
for whose use it was intended. 

The present work treats only of the resistance of 
materials to direct compression and tension, leaving 
to another volume the subjects of elasticity, indirect 
compression, and tension, transverse resistance and 
torsion, &c. 

In treating of each material a Proposition is first 
given stating its average ultimate resistance ; this is 
followed by experimental proofs ; and then are given 
illustrations of the material so strained taken from 
completed and successful structures of eminent en- 
gineers. 

The experiments and some of the examples now 
published in a collected form have been taken from 
the Proceedings and Transactions of learned Societies, 
which are not easy of reference, and cannot readily 
be purchased, and from Reports of Commissions, with 
their Appendices, all which are too bulky for the 
library of beginners in a profession which demands 
frequent change of residence. To give the chief 
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points of these in a more portable form, with practical 
examples added, may, it is hoped, be of some use. 
The Provost and Senior Fellows of Trinity College, 
Dublin, have paid a part of the expenses of this 
work, and the author takes the present opportunity 
to thank them for their liberality. 



ELEMENTS OF PBACTICAL CONSTRUCTION. 



RESISTANCE OF MATERIALS. 



I . An attentive examination of any engineering structure, or of 
any machine in motion, must lead the observer to the conclu- 
sion that the several component parts are resisting, in very 
different modes, the diverse pressures and strsdns known to 
be in action. 

Four classes of these resistances are generally enu- 
merated : — 

First. — The resistance to direct extension ; a force being 
in action tending to tear asunder the fibres or particles of the 
body. Tie-rods, tie-beams, the links of the main chains of a 
suspension bridge, the pump rods of pumping engines, ropes 
ana chains, chain cables, rivets, and screw bolts, and the ex- 
ternal plates of steam-engine boilers, &c., are instances of this 
description of resistance being brought into action. 

Second. — The resistance to direct compression, a force 
being present tending to crush the particles or fibres. Pillars, 
piers of bridges, posts and struts, the shafls of colunms, the 
main ribs of u:on arches, and voussoirs of bridges of masonry, 
afford examples of this particular class of resistance to the 
external forces in action. 

Third. — The resistance of a beam supported at one or 
both extremities to a force acting in a direction transverse to 
its length, and in fibrous material, as wrought iron and timber, 
perpendicular to the line of fibres. The girders of bridges, 
all beams, bresummers, and joists, and the beams of steam- 
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engines, are instances of this, which is in fact, as will be shown, 
compounded of the two first-named modes of resistance, one 
part of the cross section of the beam, through the indirect ac- 
tion of the force applied, resisting a compressive, and the other 
a tensile force. 

Fourth. — The resistance to forces of torsion which act 
so as to twist the fibres, as in crank axles, the shafting of ma- 
chinery, the axles of water-wheels, capstans, &c. This, as well 
as the third kind of resistance, is compounded of the resistance 
to compressive and tensile forces ; one portion of the body 
resisting the former, and another the latter force. 

2. The ordinary double-acting steam-en^ne illustrates in 
one machine all the four classes of resistance named above. 
In the ascent of the piston, the steam forcing it upwards, we 
have the piston rod and the connecting rod resisting compres- 
sion; in the descending stroke they are resisting a tensile 
force. In each case the main beam is resisting a transverse 
strain, and the crank axle resisting the torsion or twist arising 
fi*om the power applied at the end of the crank arm, on the one 
hand, and the resisting load at the first wheel or band, on the 
other. 

Many other complicated varieties in the mode of action of 
the resisting powers of bodies might be enumerated in addition 
to these four, such as that which takes place from the interior 
to the exterior surface of hydraulic presses, and of pieces of 
ordnance when fired, &c. &c.; and, so far as at the present time 
they have been investigated, they shall be mentioned here- 
after. 

The materials whose power of resistance it is, as far as the 
practice of engineering is concerned, most important to deter- 
mine, are, Cast Iron, Wrought or Malleable Iron, and 
Timber, chiefly fir, as imported from the Baltic or America. 

The properties of some other bodies, viewed in connexion 
with their resisting powers more or less essential in the art of 
construction, such as stone, brick, &c., are also given in 
this work. 



TENSILE STRENGTH OF CAST IRON. 



DIEECT EESISTAl^CE OF CAST IROI^, MALLEABLE IRON, 
AJ^D TIMBER, TO TEI^SILE FORCES. 

Cast Iron. — The ultimate resistance of Cast Iron to a direct 
tensile force is about 7 tons per square inch, and is propor- 
tional to the area of transverse section in action. 

3. In experimenting on any material with a view to deter- 
mine its resistance to a tensile force, it is necessary that the 
axis of the several pieces under trial coincide very truly with the 
line of direction of the external force applied to tear them 
asunder. TYiQform of the specimen to be experimented upon, 
must therefore be carefully designed, having reference both 
to this essential condition as well as to the nature of the ma- 
terial under trial ; the extremities being such as may be firmly 
held by the apparatus, and transmit the applied force truly 
through the centre of figure or axis of the specimen. Fig. i 
represents an isometrical projection of the form of the cast- 
ings used in the experiments tabulated §§ 8, 9 ; at each end 
of the specimen, the mass of metal is considerably greater than 
in the centre, in order that the pieces may be nearly perfectly 
rigid at the extremities ; for a length of about one foot in the 
middle the transverse section is cruciform, Fig. 2, and this 
part being made weaker than the ends, it was intended to be 
there torn asunder, by a force acting in the vertical through 
its centre of figure. The ends of these castings had eyes 
drilled through them, of a conical form, as shown at a and 6, 
with a prominence in the central line shown in the longitu- 
dinal section in Fig. 3. The casting is shown Fig. 4, with 
the shackles attached above and below; the bolt passing 
through the eye bears upon the prominence mentioned above, 
effectually securing the desired central direction of the forces 
thus applied at the extremities of the specimen under trial. 

4. Fig. 5 represents the apparatus used for tearing asunder 
the castings described above, and is equally applicable to speci- 
mens of any other material, whose direct resistance of cohesion 
is sought. It consists of a lever of the second order, attached to 
a strong fi*ame, in which the ratio of the arms is 8 to i, and as 
it is important that the applied force upon the specimens under 
trial should during the experiment be maintained truly ver- 
tical, and the lever horizontal, adjusting screws are placed at 
E and F, so that if the specimen should be elongated by the 
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strain, causing the lever to be depressed at C, it may again be 
brought to the horizontal line by bringing down tne end A. 
These screws are also useful in placing specimens of different 
length in the machine. . . • . . 

5. The specimen of cast <iron is shown in its particular 
position in the apparatus at D, the point D being that at 
which it is intended to be dissevered. The piece to be torn 
asunder is connected at one end by shackles with the lever at 
B, and at the other with a supporting cross timber by a screw 
at E, which admits of adjustment, so as to have the lever hori- 
zontal at every different length of specimen. The lever at 
the end A is sustained by a strong bolt AF passing through a 
balk of timber at the bottom, and tightened and adjusted at 
the point A by a screw F. The bolt acts upon the lever by 
means of an arris or knife-edge, and therefore presses only 
upon a mere line across it ; as shown by the dotted lines. 
The same remark applies to the strap round the lever at B ; the 
lever is sustained in the vertical plane by means of two pieces of 
timber connected together, represented by M, N ; between these 
it moves easily, and can be sustained in any position, by wedges 
which rest upon the middle piece that extends up to that height. 
In order to show more completely all the detail, the main tim- 
ber framing is supposed to be removed on the nght-hand side, 
the plane being indicated by the dotted line X, Z, on Front 
Elevation. 

6. Other forms of apparatus for testing the ultimate resis- 
tance of materials and proving bars of a particular design are 
described by Barlow, pp. 250, 259, who gives a detailed account 
of the Proving Machine in the Dockyard, Woolwich. — Report 
on Metal for Cannon by the American Ordnance Department, 
pp. 305, 315. — Mr. Provis on the Menai Bridge, pp. 34, 35 
(vv. aa. No. 50, Library, T. C. D.) 

7. Although experimenters on the ultimate resistance of 
materials have devoted so much attention to the accurate de- 
termination of the ultimate tensile powers of cast iron, the 
student must not suppose that it is ever applied in any struc- 
ture as a rod or bar to resist tension. A design in which 
such an arrangement was found would be condemned by every 
practical engineer ; the material best adapted for such a posi- 
tion and duty, and the various grounds on which that preference 
is founded, will soon be made apparent. The real vjJue of the 
knowledge thus attained is this: that it enables us — when 
we have by experiment also decided its ultimate resistance to 
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compressioii — to determine the proper form of beams of cast 
iron ; for as one portion of every beam is retiisting tensile, and 
the other compressive forces, it is necessary to the proper dis- 
tribution of the material in transverse section, that the ratio of 
its power oi' resistance to these different forces be known. 



8. ultimate resistance of cast iron to a tensile force, 
about 7 tons per square incb of section. 

Experimental Proofs. 

Table showing the Tensile Strength of Cast Irons of various 
denominations in common use. 

(Compiled fWim Table I. Appendix j, Bepoit of CommisdoneiB on Application 
of Iron to Bailwsj Stiuctnre, 1 S49.) 







G^^. .^"D. 
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BmklDg 








>.lnch« 




Torn 


I. 


Low Moor Iron, 


No. I, 


7.074 


4.130 


537 1 8 


5-667 


n. 




No. a, 


7043 


4.282 


66174 


0.901 


ni. 


Clyde Iron, 


No. I, 


7.051 


4.286 


69.60 


7.198 






No. 2, 


7.093 


+■394 


78216 


7-949 


V. 


„ „ 


No. 3, 


7.IOI 


4.347 


101958 


10.477 


VI. 


Blaen avon Iron, 


No. I, 


7.042 


4.259 


59304 


6.222 


vn. 




No. I, 


7-'"3 


4-3'4 


72147 


7.466 


Tm. 






7.051 


4-366 


95718 


6.380 


IX. 


Calder Iron, 


No.' I, 


7.025 


4.360 


59901 


6.I3I 


X. 


Coltnees Iron, 


No. 3, 


7.024 


4-3SS 


67219 


6.820 


XI. 


Brymbo Iron, 


No. I, 


7.071 


4.368 


62982 


6,440 


xn. 




No. 3, 


7 'OS 7 


4-358 


676 1 1 


6,923 


xrn. 


Bowling Iron, 


No. 2, 


6.989 


4.406 


59547 


6.03 a 


XIT. 


Ystalavera Iron, 


No. I, 


7-H7 


4-148 


52080 


5.602 


IV, 






7.09Z 


3,076 


54395 


7.791 


XVI. 


Ynis-cedwin Iron 


No'.' 1, 


7-034 


4-H7 


59148 


6.228 


xvn. 

XVIU. 


Means, . 


No. z. 


7.013 


4.508 


60144 


5-9S9 


7.-OS9 


6.834 



The section of the castings was of this form 



, uid 



the experiments were made in the manner explained in the 
description of the apparatus for ascertaining the tensile strength 
of cast iron, §§ 4, 5. 

9 , The figures in the several columns in the above Table are 
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averages taken from those Riven in the Report, in order to 
show the broad basis on which the results are founded ; co- 
lumns Nos. I. and x. are here added in full. 



I. 



X. 



Low Moor Iron, 
No. I, 



Coltness Iron, 
No. 3, 



Mean. 



7.088/ '•'" 



7.045 
7.029 J 



7.037, 






Gener 
Mean. 



7.074 



7.024 



8 



4.301 


64227 


4.144 


47059 


4. 154 


51539 


4-336 


47955 


4.214 


57811 


4.502 


78419 


4.264 


56019* 



Mean. 

'49331 

"355 I2694ib8. 

12407 y = 

1 1059 5.667 tons. 

'3718J 



174181 152^8 
13137/6.8210 



lbs. 
tons. 



* K the first result only had been taken, the strength would have been 
7.776 tons, instead of 6.82 tons. A defect of ^ inch in area nearly was 
observed. 



10. In the Appendix are also given experiments on Mr. 
Morris Stirling's patented mixture of cast and wrought iron. 
That denominated second quality consisting of Calder No. i, 
hot blast, mixed and melted, with about 20 per cent, of mallea- 
ble iron scrap, gave a strength of 1 1.502 tons per square inch. 
That called third quality, composed of No. i hot blast, Staf- 
fordshire iron, from Ley's works, mixed and melted with about 
15 per cent, of common malleable iron scrap, gave 10.474 tons 
per square inch. 

11. Each of the numbers in column 2, §§ 8, 9, has been 
deduced from four experiments, two of them on portions cut 
from the thicker part of the casting torn asunder, and two 
from the thinner part : it was found that, with one exception 
(namely, line in.), the specific gravity of the former was greater 
than that of the latter, — the mean from all the irons being 
7.082 for the specimen from the thicker portion, and 7.036 
for that from the thinner. 

" This difference may arise, either from the thinner parts 
being more stretched during the experiments than the thicker, 
and retaining in some degree their superior elongation, or else 
possibly from thinner castings in general being lighter than 
thicker ones of the same bulk, which would require trials 
upon thick and thin portions of castings which had not been 
experimented upon for the tensile strength. 
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<^ In timber and some other materials the strength has been 
found to be nearly as the specific gravity (Barlow, pp. 4 and 5) ; 
but this does not seem to be the case in cast iron ; though the 
heavier irons, of the same kind, are usually stronger than the 
lighter ones." 

An extended Table of the specific gravity of cast irons 
of British make has been given by Mr. Mallet (Trans. Royal 
Irish Academy, vol. xxiii. part i), containing 59 classes of 
iron; the maximum density was 7.624, the minimum 6.809; 
forty-seven of them gave results below 7.2 ; all were deduced 
from equal pieces, cast one inch thick, and five inches square. 

Tredgold gives the number 7.207 ; for approximate cal- 
culations 7i is often used. 

12. Other experiments on the ultimate tensile strength of 
cast iron by Mr. Hodgkinson give results in which the mini- 
mum resistance was 6 tons, and the maximum 9.755 tons per 
square inch ; the mean of the whole set of experiments, twenty- 
five in number, being 16505 lbs., or 7.37 tons nearly. A series 
of ten careful experiments made in France gave a mean of 
7. 19 tons, the minimum being 5.409, and the maximum 9.080 
tons per square inch. Thus we have : — 





Maximtun. 


Minimam. 


Mean. 


Experiments by Mr. Hodgkinson, 

„ in Appendix a, Report, 
„ imdertaken in France, 

The general Mean being, .... 


9-755 
10.477 

9 080 


6.00 
5.667 
5.409 


7-37 
6.834 

7.19 


• • • 


• • • 


7131 



EXPERIMENTS TO DETERMINE THE TENSILE STRENGTH IN 
DIFFERENT FORMS OF SECTION, AND TO ASCERTAIN WHE- 
THER, WITH THE SAME AREA, THE FORM HAS ANT INFLU- 
ENCE ON THE STRENGTH. 

1 3 . In order to meet objections that had been raised against 
the results of these experiments on the ultimate resistance of 
cast iron, objections grounded on the peculiar form of the 
pieces subjected to the breaking strain, — Mr. Hodgkinson un- 
dertook a series of experiments on bars of the three several 
forms of cross section shown in these woodcuts, in which the 
transverse area was intended to be the same in each, namely, 
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4 square inches. They were, moreover, all run at the same time 
from the same melting of iron, so as to secure identity of 
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quality in each specimen. The results were such that, assum- 
ing the resistance of the cruciform section to be represented 
by looo, that of the other forms was found to be 989^; these 
numbers being derived from a mean of 22 experiments under- 
taken with the special object of determining this point. 

Hence it would appear that there is no essential difference 
in the ultimate resistance of cast iron arising from the form of 
the section only ; the difference that does exist in favour of 
the cruciform section is chiefly attributable to the metal being 
harder in the thinner sections than the others, which had evi- 
dently less surface for the same quantity of iron. 



EXPERIMENTS INTENDED TO DEMONSTRATE THE IMPORTANCE 
OF THE COINCIDENCE OF THE RESULTANT OF THE FORCES 
APPLIED WITH THE AXIS OF THE SPECIMEN. 

14. The form of casting described above enables the ex- 
perimenter to direct the force applied with greater certainty 
through the axis of the specimen. The great importance of 
this condition is shown by comparing the results of two sets 
of experiments made by Mr. Hodgkinson, in one of which the 
direction of the tensile force, that is, the resultant of all the 
parallel forces applied, passed truly through the axis or centre 
of figure of each piece, and the other along the side. 

15. Force up the centre or axis. 



Experi- 
ments. 


Area of section 

in parts of 

an inch. 


Breaking 

weight in 

tons. 


Strength per square inch. 


I 
2 

3 
4 


3.012 
2.97 
3.031 
2.95 


22.5 
21.0 

255 

19-5 


7-47) '^°"^* 

7.07 [ Mean, 7.65= 17 136 lbs. 

8.41) 

6.59 different quality of Iron. 
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1 6. Force along the side. 



Experi- 
ments. 


Area of section 

in parts of 

an inch. 


Breaking 

weight in 

tons. 


Strength per square inch. 


5 
6 


4-83 
4.815 


11.5 

I3-7S 


2-38 ) 

> Mean, 2.62 tons. 
2.855 ) 



Thus it appears, that in the first series the average breaking 
weight per square inch was 17,136 lbs. (equal to 7.65 tons); 
in the second 5869 lbs. (equal to 2.62 tons), being very litue 
more than one third of the former (3 x 2.62 = 7.86, being only 
0.21 in excess of 7.65). 

17. Mr. Tredgold computed that, if the elasticity remained 
perfect, the strength in these two cases would be as 4 to i. It 
will be shown further on, that the ratio of 3 to i coincides with 
the correct theory. 

This result, as to the ultimate strength of cast iron to re- 
sist tensile forces, was opposed to the conclusions arrived at 
by the best writers before Mr. Eaton Hodgkinson's direct ex- 
periments ; but they had calculated the tensile strength from 
the indirect method of experiments on the transverse strength 
of small bars or beams supported at each extremity. Mr. 
Tredgold thus made it at least 20 tons per square inch ; and 
Mr. Barlow deduced the value to be upwards of 10 tons. 



18. BKalleable Xron. — The ultimate resistance of Wrought Iron 
to a tensile force is cAout 20 tons per square inch for boiler 
plate J and about 25 tons per square inch for the highest 
quality (f rods and bars. Draum vnre^ under -^j^ inch 
diameter, about 36 tons per square inch. 

Experimental Proofs. 

19. These have been arranged according to the date at 
which they were carried on : thus, Mr. Telford and Captain 
Brown from 1814 to 1817; Mr. Fairbairn, 1837; Mr. Edwin 
Clarke, 1848; Mr. Hodgkinson, 1848. 

Mr. Telford having designed a suspension bridge of a 
central opening of 1000 feet, for the passage of the river 
Mersey at Kuncom, determined the detailed dimensions of the 
several parts from experiments quoted below, from Mr. 

c 



10 TENSILE STRENGTH OF WROUGHT IRON. 

Provis's work on the Menai Bridge, to the construction of 
which the knowledge thus obtained was made subservient ; 
the former having never been carried out. 

An iron wire rV^ i^^h in diameter, loo 1^ 
feet of which weighed 3 lbs. 3} oz., broke 
on an average of the first set of 9 experi- 
ments with 630 

A similar wire on an average of 10 other 

experiments broke with 634 

The extremes of the fint set of experiments i?ere 616 and 65 x lbs. 

1. A bar of South Wales iron, if inches Tons, cwt qn. ibs. 

diameter, made by S. Homfray, broke 

with 43 II o o 

2. do. do., I ^ inch diameter, made by do. $21$ 1 10 

3. A bar of Staffordshire Iron, f inch 

square, broke with 15 5 3 4 

4. do. do., 1^ inch, do 32 6 o 4 

5. A bar of Welsh iron, i inch square, . 29 o o o 

6. A bar of Swedish iron, i inch square, 

broke at a flaw, with 29 o o o 

7. A bar of faggoted scrap iron, made by 

Mr. Howard of Rotherbithe, i inch 

square, broke with 29 o o o 

6. A bar of common Staffordshire iron, 

1 inch square, broke with .•..31000 

9. A bar of common iron, 2 inches in dia- 
meter, was torn asunder with . . . 100 o o o 

The iron wire was torn asunder by a weight suspended 
from it. The experiments upon the iron bars were made by 
one of Bramah's presses, at Brunton and Co.'s Chain Cable 
Manufactory in London. . 

20. Reducing these for readier comparison to a uniform 
section of i inch square, we find the relative strain which each 
bore as follows : — 

Tons, cwt 

I, reduced to i inch square, gives 29 6 Welsh. 

3, „ „ 27 3 Staffordshire. 

4» »» '» 27 10 „ 

5, „ „ 29 o Welsh. 

6, „ ,, 29 o Swedish. 

7, „ „ 29 o Faggoted. 

8, ,, ,, 31 o Staffordshire. 

Mean strength of an inch sq. bar, 29 5! 
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Mr. Telford, however, considered it safest to adopt the 
least strength indicated by any bar during those experiments, 
instead of taking the average, and consequently concluded 
that a bar i inch square would bear up to 27 tons. 

21. Captain S. Brown, the inventor both of Chain cables 
and of the Bar link suspension bridge, has also experimented 
upon the resistance of wrought iron at his works, Millwall, 
Poplar. The apparatus used seems to have been exactly similar 
to that described by Mr. Provis in his work on the Menai 
Bridge, and probably underrates the strain acting on the 
specimen under trial. 

22. Captain S. Brown's Experiments on the Tensile Strength 

of Wrought Iron. 



No. of 
Experi- 
ment. 


Description of Iron and Dimendoaui 


Redacedsize 
at Fracture. 


Total weight 
applied. 


Restetanoe 

per flq. inch 

per ton. 








Tons. cwt. 




I. 


Swedish Iron, i^ inch sq. 


Wt 


40 19 


23.77 


n. 


>> 9> 


99 


39 15 


23.19 


III. 


n 'tV r> 


i 


33 10 


2375 


iV. 


Eussia, I -^^ diameter. 


I 


36 2 


26.55 


V. 


Welsh, No. 3, I J square. 


ItV 


38 I 


24-35 


VI. 


„ common, i-|^ square. 


ItV 


31 


24.90 


ViL 


„ No. 3, 2 diameter. 


H 


82 15 


26.33 


VIII. 


„ If diameter. 


1.30 


43 JO 


26.34 



The mean being 24.9 tons. 

The detailed. description of these experiments is given by 
Mr. Barlow ; the mean of the four first experiments on the 
foreign irons was 24.3 1 tons ; of the four last, on the Welsh 
iron, 25.48 tons per square inch. 

23. Mr. Brunei has made experiments on bar iron reduced 
in section by the operation of hammering. 

Tons. 

I. 10 Experiments on iron denominated hesty and 

reduced f th inch square in the middle, gave 

a mean resistance of 30.4 

II. 10 Experiments on iron denominated best hesty 

and reduced to ^th inch square in the middle, 

gave a mean of 32.5 

III. 6 Experiments on heat iron, reduced to \ inch 

square in the middle, gave 30.6 

In the series No. I. of the experiments given above, one of 
the specimens was obviously defective, breaking with 25 tons 
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Ser square inch ; it is, however, yery properly included in de- 
ucinff the mean resistance ; had it been omitted, the average 
would have been increased from 30.4 to 30.98. 

These results, so high when compared with those of the 
preceding Tables, may, perhaps, be explained by the fact of the 
reduction in section by hammering, and would then be analo- 
gous to the increase of strength observable in drawn iron wire. 
The results of Mr. Telford's experiments on iron wire are 
found in the Table appended. 

24. Mr. Telford's Experiments on the Tensile Strength of 

Iron Wire. 





Diameter of wire In 


Area in square 


Breaking 


Breaking 
weight In 




inches. 


inches. 


tons per 
sq. inch. 


L 


fy = 0.0857 


0.0058 


53 « 


35-7 


11. 


T =0.2 


0.0314 


738 


42.0 


ill. 


fD «O.I 


0.007854 


277 


429 


IV. 


T*Tr = 0.06 


0.00283 


•57 


38.1 


V. 


Vt = 0.0476 


0.0018 


630 


35-8 


VI. 


TIT =» O.I 


0.007854 


634 


36.1 




MpaTi. » , 






11 8. J. 








D^**T 



The irregularities bein^ very great, it is prudent to take 
the strength at 36 tons, as m § 18. 

This material, almost exclusively used for suspension 
bridges on the Continent, and in the patent iron wire rope, 
has round in this country a very useful and ex- 
tended application, in the standing rigging of 
vessels; m lifting material in the shafts of 
mines ; and on railway inclined planes worked 
by stationary power. 

25. Mr. Fairbaim ("Useful Information 
for Engineers") has also experimented on the 
strengtn of wrought iron plates upon a scale of 
such magnitude as to supply sound practical 
data, and lead to an economical as well as very 
extended use of the material. The apparatus 
used was very nearly the same as that de- 
scribed §§ 4, 5. 

In these experiments all the plates were of uniform thick- 
ness, and of the form shown in the preceding woodcut. 
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The ends had plates riveted to them on both sides, to render 
them inflexible ; they had holes bored through them perpen* 
dicular to the plate, in order to connect it by bolts with the 
apparatus for tearing it asunder, which was designed to occur 
at the centre, in the 
waved line, where it was 
made narrower than the 
rest. The centres of the 
holes were in a direct ver- 
tical line through the 
middle of the piece. 

The upper woodcut is 
added to show the actual dimensions of 4;he transverse section 
of a specimen under trial ; and the lower the reduced dimension 
before yielding to the breaking weight, as noted in No. I. in 
the Table below with the asterisk. 

26. Low Moor Yorkshire Plate Iron. 



^> 


^^B 


B 


^H 


H 


m 


<:__ 


2 ittcn 


es— 






-^ 










1 



<- j.gQ inches > 



No. of 
experi- 
ments 



I. 

II. 

III. 



IV. 

V. 

VI. 

VII. 



Deacriptlon of plate, and di- 
mensions in the middle. 



Drawn in the direcHon of 
thejihre. 

Area, 2.00x0.22 = 0.44 ( 
square inch, . . ( 



Drown across the fibre. 

Area, 2.00 x 0.22 =0.44 1 
square inches, . . 

Same area) . . . . < 

Thicker platee drawn m 
direction of fibre, 

2.00 X 0.26 =0.52 in. I 



Weight 
laid on 
in lbs. 



24043 

^553 1 
23571 
24747 
25923 

23179 

24355 

25923 
27099 

24355 
26315 

23571 



27099 
25923 



Reduced dimen- 

dons in middle of 

plate, through 

weight laid on. 



Breaking 
weight 
tnlbSL 



1.96 X 0.21 
1.89 X 0,19* 
Reduced. 

1.93 X 0.18 

1.94 X 0.18 

Altered. 
1.99 X 0.215 

2.2 X 0.19 
Stretching. 
2.15 XO.20 
2.25 X O.SO 



Thickness 0.25 
1.96 X 0.24 



25531 

24747 
25923 



27099 

26.315 
23571 



27099 
25923 



Mean breaking 
weight. 



25400 lbs., or 
25.7 7tons per 
I square inch. 



/27099lbs., or 
1 27.49 tons per 
(square inch. 
'25662 lbs., or 
26.037 tons 
[per sq. inch. 

/265iilbs., or 
1 2 2. 76 tons per 
(square inch. 



In Nos. I. II. III. the plates were laminated, as if formed of three or more 
plates, the external ones being thinner than the internal. 

Nos. IV. V. VI. did not break at the narrowest part ; a drcumstanoe the more ano- 
malous, as there did not appear to be anything in the apparatus to cause it. 

No. VII. was yeiy uniform in texture. The fracture showed a great want of 
regularity ; about one-third of the area had the appearance of steel. All the 
other plates appeared to be uniform, but laminated, as above mentioned. 
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^ 27. Other Tables, equally detailed, are given by Mr. Fair- 
bairn, onplates from thelron Works in Derbyshire, Shropshire, 
and Stafiordshire, of which he gives the following summary : — 





Mean breaking weight Mean biealcing weight 
in the direction of the acroie the fibre, in tons 
fibre, in tons per sq.inch. per square inch. 


Yorkshire plates. 
Yorkshire „ 
Derbyshire „ 
Shropshire „ 
Staffordshire „ 


25.770 
22.760 
21.680 
22.826 
19.563 


27.490 
26.037 
18.650 
22.000 
21.010 


Mean, 


22.519 


23.037 



28. Mr. Edwin Clarke gives the following Table of ex- 
periments made at the Britannia Bridge, on the rolled plates 
called boiler plate, and on the rivet iron employed in that 
construction. The mean being 19.6 tons. 





1 


3 


8 


Description and Dimensions of Boiler Plate. 


BmUng weight 
per aqoare inch. 


Ultimate Exten- 
sion in parts of 
the length. 


I. 

IL 
III. 

IV. 

V. 

VI. 

VII. 

VIll. 

IX. 

X. 

XL 

XIL 


Plate ^th inch thick, neck i^ inch long, 
selected as bad iron; fracture bright 
and crystalline, brittle ; broke readily 
with a blow from a hammer. 

Same platOa 

Plate 4 inch thick, neck 6 inches long, 
selected as bad iron ; containing two 
laminse of oystalhne metal, ^rd of 
the whole sectioua 

Plate ^ inch thick, neck 5 inches long, 
selected as a good plate ; abont -^th of 
section crystalline. 

Plate ^ inch thick, neck 4 inches long, 
iron perfectly uniform and fibrous; sup- 
ported the weight 15 minutes. 

Plate \^ inch thick, neck 5 inches long, 
iron ^)od ; ;j^th of the section crystallinea 

Plate ^ inch, neck 5 inches; iron fibrous, 
except ^th of section. 

Plate ^ inch, neck 50 inches. 

Plate f inch, neck 50 inches. 

Plate ^ inch, neck 7 inches. 

Plate 4 inch, neck 7 inches. 

Plate ^ inch, neck 50 inches. 


\ Tons. 

i " 

21 

! ■' 
i ■■ 

1 '^ 
19.0 

''•2 

19.6 
20.2 
18.7 


Tin 
i 

A 
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29. The specimens were carefully reduced to a uniform 
neck, in the following form, the sectional area of the neck 
being always i square inch. 



S 



^ 



< 




The bars were suspended from a shackle and 
broken without the intervention of a lever, by 
direct weight placed in a scale. 

" The examination of this Table will show a 
very great constancy in the ultimate resistance. 
The ultimate extension, on the contrary, is ex- 
tremely irregular; indeed, some of the brittle 
crystalline irons selected as bad, and which frac- 
tured suddenly without much increase of length, 
actually supported a greater weight than the more 
fibrous and ductile iron." 

30. It may be instructive now to compare the 
results obtained by the different experimenters, section at i. 
which have beien quoted above, upon the ultimate ^ square inch. 
tensile strength of wrought iron. 

Mr. Telford, ri8i4 tol § 20 gives 27 tons per sq. in. l^g-o 
Capt. S.Brown, 1 1817 J § 22 „ 24.9 „ „ J 

Mr. Fairbaim, 1837 § ^7 >> 23 „ „ Ipiatp- 

Mr. E. Clarke, 1848 §28 „ 19.6,, „ /^Aares. 

This gradual reduction is very remarkable, but has not 
been commented upon by any author; it may be mentioned, 
however, that the first two results were obtained by the hy- 
draulic press, or by the action of compound levers, after the 
manner of the weigh bridge, both which have a tendency to 
overrate the results. The third by Mr. Fairbaim, by means 
of a lever of 8 or lo to i . The last only, those by Mr. Edwin 
Clarke, being obtained by a weight in a scale suspended di- 
rectly from the specimen itself, in which case it is only neces- 
sary to take the precaution that the line of direction of the 
applied force pass through the centre of figure of the piece 
under trial. No deterioration ill the quality of iron to such 
an extent can be supposed to have taken place, but the earlier 
specimens were probably selected with the utmost care, and 
of the very highest quality. The numbers adopted in the 
Proposition, § i8, are from Mr. E. Clarke, and, being the 
lowest, are at least the safest, and very trustworthy. 

3 1 . Malleable iron is, in the process of rolling, given a fibrous 
structure, the direction of the fibres being the same as that 
in which the metal is rolled. Experimenters always apply the 
testing forces in this direction, and in the Table given above 
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the line of action of the force was coincident with that of the 
fibre* In order to prove whether any difference of resistance 
existed in this direction, compared with that at right angles 
to it, that is, across the fibres, the following experiments were 
undertalcen by Mr. E. Clarke. 



I. 
II. 


Uldmate strength when drawn in 

the direction of the fibre, in tomi 

per eqoare inch. 


nitiniate strength when drawn across 
the fibre, in tons per square inch. 


19.66 
20.20 

Average, 19.93 


16.93 
16.70 

16.81 



The result is 18 per cent, in favour of the power of resis- 
tance in the direction of the fibres, that is, in the direction in 
which the iron has been rolled ; but Mr. Fairbaim, in his ex- 
periments, with the same object, arrived at a very different 
result, namely, that the power of resistance of the plate was 
very nearly the same, whether the tensile force acted in the 
direction of the fibres, or across them, § 27. This question, as 
well as that of the relative strength of Plates, Bars, and Wire, 
is evidently connected with the original selection of the ma- 
terial, and subsequent careful manufacture, rather than with 
any physical difference in the iron itself. 

32. Mr. £. Hod^kinson experimented upon a rod of an- 
nealed iron, the quality being that called in trade best^ having 
a diameter of 0.517 inch (a mean of 14 measurements), giving 
an area of 0.2099 square inch, the length being 40 feet 2 inches. 
This experiment, which will be quoted in full nirther on, un- 
der the head of Elasticity, gave an ultimate resistance of 23.8 1 7 
tons per square inch. 

An experiment made by Mr. Mare, at his works at Black- 
wall, upon a round rod, of ^th inch diameter, and 5 feet long, 
made of scrap rivet iron, and of unusually good quality, gave 
an average resistance of 24 tons per square inch. These are 
the highest results of recent experimenters. 

3 3 . We may now perceive, by a comparison of the ultimate 
resistrng powers of Cast and Wrought Iron to tensile forces, 
why the latter ought always to be ^opted in practice. The 
same transverse area, as, suppose, one square inch in each. 
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having very nearly three times the strength when of Wrought 
Iron to that which it has when consisting of Cast Iron, the 
numbers being about 20 tons for the former, and 7 J for the 
latter. But Wrought Iron has also a very great superiority 
in possessing a high degree of ductility ; being thus secured 
from that suddenness of fracture characteristic of Cast Iron, 
which, in resisting direct tension, breaks without warning us 
by any gradual small change of form. And as to the relative 
cost, we may take wrought-iron forgings as about double the 
price of large castings not requiring any very complicated pat- 
terns. It will appear, moreover, that the specific gravity of 
these descriptions of iron is very nearly equal. 



PRACTICAL APPLICATIONS AND EXAMPLES — WROUGHT IRON. 

34. In applying to the actual practice of construction the 
knowledge of the ultimate resisting powers of any material, 
as obtained by experiment, the engineer must, in all his de- 
signs, keep in view the great objects of permanency, stability, 
and safety, and therefore assign to every part such dimensions 
and form that it shall be acting far within its ultimate power. 
But the question at once arises. How far within ? — what frac- 
tion of the ultimate must be the actual resisting force called 
forth, and this, not only in the case of tensile, but of all the 
other forms of resistance occurring in structures mentioned in 
Sections i and 2. 

For this no absolute rules can be set down; a careful 
judgment and a sagacious use of existing precedents must 
alone guide us here : a knowledge not only of existing suc- 
cessful works — which, from being, as may often occur, stronger 
than strong enough, have perhaps purchased their stability at 
the expense of economy, and are consequently, so far, not to 
be followed, — ^but also from the records of past failures, which 
are in truth but unintended and expensive experiments. Thus 
it would appear, that there is yet a knowledge required, above 
and beyond that given by experiment, which it cannot teach, 
and that is the proper application to practice of the facts 
established by that means. 

As preliminary to designing successfully, it would, there- 
fore, appear necessary — 

First — To calculate from mechanical principles the strains 

D 
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brought upon every part by the weight of the fabric itself, 
and by its particular position in it ; and also the additional 
strain caused by any load the structure may have to sustain, 
whether stationary or passing. 

Secondly — To obtun from experiment a safe average value 
for the ultimate resistance of the material ; and — 

Thirdly — From good precedents, by judgment, to adopt 
what may be named the coefficient of stabilitv, or that frac- 
tion of the ultimate resistance beyond which it would be in- 
judicious to strain the material. 

3$. As to the coefficient of stability, so far as the tensile 
resistance of wrought iron — the material we are at present 
considering — is concerned, we learn from the largest existing 
works of a permanent character, that no part m tension is 
strained so as to call forth a resistance greater than about five 
tons per square inch of transverse section, that is, ^th of the ul- 
timate resistance. 

The main chains of the Menai suspension bridge are re- 
sisting 5 .4 tons per square inch ; the bottom of the Conway 
tubes, 4.5 ; and of the Britannia tubes, 5.62 tons per square 
inch. In the temporary work of the lifting of the latter, 
the bar-link chains, hung from the cross heads of the hydraulic 
presses, had to resist 8.3 tons per square inch (Clarke on"Brit. 
Bridge," pp. 612, 760, 761); but it would have been very dif- 
ficult, from the confined area in which that operation had to be 
carried on, to have found the requisite space for them, if en- 
larged: and the temporary nature oi'the duty they had to perform 
may have permitted this great strain being used. The Boyne 
viaduct was so designed that 5 tons per square inch was the 
maximum strain from the greatest load, which was assumed 
to be 2 tons per foot of span, plus the weight of the structure 
itself, and this after having deducted the area of the rivet- 
holes from the section of the part resisting tension. 

36. Each different material in use in the constructive arts 
has peculiar modes of combination and application answering 
to its natural properties. It is thus of timber. In the use of 
which particular methods of junction and fastening are em- 
ployed, and so also of the two difierent varieties of iron, — cast 
n:on and wrought iron. The former is obtained of the required 
dimensions and form by using its property of hecoming Jluid 
at a high temperature, and thus, being run in a molten state 
into moulds duly prepared from patterns; and very frequently, 
when the dimensions of the piece are greater than may be 
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convenient or practicable for a single casting, numerous pieces 
are joined by screw-bolts passing throueh flanges, the surfaces 
of which are fitted by means of truly planed fitting strips. 

Wrought iron is, on the other hand, given the requisite 
shapes by its properties of being welded together at a white 
heat ; of being rolled at the rolling mill, and of being united 
by riveting. By the first we obtain from the steam-hammer 
— anchors, shafts, and crank-arms, wrought-iron ordnance, &c. 
By rolling is produced the railway bar iron, angle iron, boiler 
plates, plates for bridges, &c., and generally such forms as 
have a uniform transverse section in a plane perpendicular to 
the axis of the bar or plate. By riveting we are enabled to 
join the rolled plates so as to construct iron ships, steam-en- 
gine boilers, gas-holders, lattice and tubular bridges, all which 
are of such size and shape as could not be obtained otherwise 
than by the due adjustment and firm union of numerous rela- 
tively small separate pieces, the largest dimension of which 
is limited by the existing state of manufacturing power at 
iron-works. 

Having then determined the ultimate resisting power of 
wrought iron to tensile forces, we must naturally proceed 
now to determine its ultimate resistance in combination — i. e. 
when many difierent pieces have been united together — as 
compared with that of the plates or bars themselves. 

In the main chains of bar-link suspension bridges, wrought 
iron may also be joined by transverse bolts through eyes at 
each extremity of the links, rigidity at the joints not being 
essential. This method of junction is explained and illustrated 
in § J9. 

37. It is but recently, since the rapid extension of the 
Eailway system, that Civil Engineering has become so much 
indebted, in its great continual progress, to the introduction 
amongst its constructive resources of wrought-iron plates 
united by riveting, by which tubes, girders, and beams, &c., 
have been constructed. This process of uniting plates had 
hitherto been a peculiar feature of boiler-work and iron ship- 
building. 

38. In riveting, the pieces of plate iron are overlapped, 
Fig. 6; and holes having been punched or drilled in each 
plate separately from a template, so as exactly to correspond, 
they are placed over each other, and temporarily held toge- 
ther by cotter pins; the rivets (the manufacture of which must 
now be described) are dropped red hot into the holes, and 
closed upon the plates by hammering. 
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The rivet« are thus made: — Abarofiron, which may inor- 
dinary cases vary from about |the of an Inch to -jl^th in diameter, 
according to the plates it is intended to unite, and which, at an 
average, we will suppose to be |thB of an inch in diameter, is cut 
up in a cold state into lengths by a pair of shears : for joining 
two l-inch plates, this length is about 4 inches. These short 
lengths are then made red hot on the floor of a kind of rever- 
beratory furnace, and in this state dropped into a block of cast 
iron, having holes drilled in it about i i inches shorter than the 
length of these pieces, which, therefore, project 1 finches above 
the surfece of the cast-iron block. The woodcut represents 
at half size the short piece of round bar ; and also the same 



E laced in the block or mould after a few blows from a heavy 
ammer have flattened out the projecting part into a head. 
The block is supposed to be cut by a vertical plane through 
the centre of one of the holes ; the dotted lines show the pro- 
jection of the original length. " The head frequently pre- 
sents the cracked appearance round the edge, as shown in the 
engraving, the longitudinal fibres slightly opening; this is 
not detrimental to uie strength of the rivet, and is regarded 
as characteristic of a tough and fibrous iron." The head is 
now most generally produced by machinery ; instead of the 
blows of the hammer, a steady pressure is produced by a fiat 
disc, attached to a slide, moving vertically by means of a cam 
or excentric ; many heated rods are dropped into one mould 
with several holes, and passed in rapid succession beneath 
the disc, which, descending to within a constant distance 
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of the mould, flattenB out the beads to a uniform thicknesB ; 
the heads sometimes are giTen a conical form by the ubb of 
a hollow instead of a flat disc, iasuring also a. uniformity of 
size. A man and boy can by this machine form from 300 tA 
450 rivets per hour. This woodcut represents a section of the 



overlapping ^-inch plates, and the closed rivet, which, having 
been reheated in a portable forge or reverberatory furnace, is 

filaced in the hole, and closed by the riveters, the dotted 
ines above and below showing the original round bolt of the 
rivet projecting i^inches. A gangofmenforrivetingcousists 
of a holder-up, and two riveters, with boys to supply them 
with rivets from the furnace. The holder-up presses againstthe 
head, generally by a heavy cast-iron hammer, and the two 
riveters with their hammers commence with a few blows on 
the plates around the rivet, to bring them into closer cootAct ; 
then, striking alternately on the red hot rivet, they drive aa 
much as possible into the hole through the plates, so as to 
completely fill it (called upsetting'), after which a few blows 
flatten out the head, which is finally given a hemispherical 
form by a cup-shaped tool called a tnap, held on the rivet and 
struck by the riveter, like the ordinary swaging. The plates 
are thus forcibly held together, and the rivet, on cooling, con- 
tracts and draws the surfaces of the plates into the closest 
contact. 

The plates, when Imd upon each other preparatory to rivet- 
ing, however well they may have been rolled in the manu- 
&cture, are not so truly plane surfaces as if they had been 
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fitted and prepared in the planing-engine ; the ductility of 
the wrought iron enabling it to adapt itself to these small in- 
equalities of surface, and also to b^ the blows of the rivet- 
ing hammers : we may thus understand how it is that cast 
iron cannot be joined by the method of riveting, for even if 
the pieces of metal had been planed and fitted, the hammering 
would endanger their being cracked. 

39. If we suppose a tensile force applied to tear asunder 
two plates thus riveted together, Fig. 6, it is evident that, 
either the plate must be torn asunder in its weakest transverse 
section A, B, or else the rivets will be cut across in the com- 
mon plane of the two plates by a shearing action of the ten- 
sile force, as shown in Fig. 7. Now, in the best arrangement 
of the relative dimensions of plate and rivets, we must have 
each on the point of yielding simultaneously, for if the rivets 
only be sheared across, it is evident that the transverse section 
of the plates was the stronger, and that some superfluous iron 
might have been removed from them without lowering the 
real power of resistance in the joint, which in this case is 
measured by the resisting power of the rivets, — thus saving ma- 
terial ; or we might have increased the diameter or the num- 
ber of the rivets, up to an equality of resisting power with 
that of the plates, thus augmenting the ultimate strength of 
the joint. In like manner, if we had supposed the plate to 
yield, and not the rivets, then, as before, without diminish- 
ing the strength of the joint, which is now measured by that 
of the plate, we might reduce the rivets, or we might have in- 
creased the transverse area of the plate, in both cases raising 
the ultimate strength of the joint. 

40. To design a perfect joint, we must, therefore, in addi- 
tion to our knowledge of the tensile resistance of the plates, 
experimentally determine the power of rivet iron to resist a 
shearing force ; whence, being given the number of rivets in 
a joint of a certain width and thickness of plates, we can cal- 
culate the diameters, so that their total resistance to shearing 
may be equal to the tensile resistance of the transverse sec- 
tion of the plates diminished by the rivet holes. 

41. Mr. Edwin Clarke has, from experiments on the shear- 
ing strength of bars and rivet iron, deduced the following 
simple laws : — 

I. The ultimate resistance of any bar to a shearing force 
is proportional to the sectional area of the bar thus severed. 

II. The ultimate resistance of any bar to a shearing force 
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is nearly the same as the ultimate resistance of the same bar 
to a direct lon^tudinal tensile strain. 

The machme used is represented in Fig. 8 ; it consists 
of a wrought-iron lever |ths of an inch thick, and 7 feet long, 
working round the fulcrum a, in a block of cast iron, slotted as 
shown in the transverse section, Fig. 9, which is taken through 
the dotted line in Fig. 8. The fulcrum is formed by a strong 
pin passing through both the lever and cast-iron block ; at a 
distance of 6 inches above the fulcrum a hole was drilled 
through the cheeks of the block, and a corresponding hole in 
the lever, when in its horizontal position, enabled the experi- 
menter to insert the bar to be tried, either through and 
through, or else only through one cheek and the breadth of 
the lever. In the former case, when the weights were laid on 
at the opposite end of the lever, the bar was cut across simulta- 
neously in two parallel sections, a piece f ths of an inch in length 
being cut out of the middle of the bar in each experiment, in 
the latter case in one place only ; a piece |ths of an inch in length 
being cut off the end of the bar at each experiment. It is 
evident that in this apparatus we have a bell-crank or bent 
lever ; and as the distance from the point of application of the 
weights to the fulcrum was 6 feet, that the ratio of the arms 
was 12 to I. 

The experiments were made on rods of rivet iron, fths of 
an inch diameter ; area, 0.6013 square inches, of excellent qua* 
lity, and perfectly fibrous. 



Experiments by E. Clarke, on the Single Shearing of Bars 
of Rivet Iron; Diameter^ ^ths of an inch; Area^ 0.6013 sq. 
inch. 



Expert- 
ment 




Weight in tons 

per square inch 

of Section. 


I 

2 

3 
4 


Weight required to shear the bar = 2956 lbs. 

yy ft it 
Four bars, each loaded with the same weight, 

but the additions to the weight were too 

sudden, 


26.1 

> 21. 1 
25.9 


Six bars of iron of a different quality, . . 
Mean, 


24.15 



24 
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Experiments on the Double Shear ina of Bare of Rivet Iran^ 

ae above ; Diametery line of an inch. 



Experi- 
ment* 


1 


Weight In tons 

per aquare Inch 

of Section. 


5 


Area of the two sections, 1.2026 square inch, 


22.9 


6 


i> » 99 


21.6 


7 
8 


" 9f 9f 

Diameter, |iths of an inch, „ 


21.6 

22.5 


9 


>f *9 H 


22.5 


lO 

II 


ff » ^ 9} 

Bar, diameter, f ths of an inch, , , 


21.6 


12 


i> >i >> 

Mean, 


21.6 


22.1 



The general mean gives 23.13 tons per square inch, as 
necessary to shear across a single rod of rivet iron of good 
quality. 

The ultimate tensile strength of these same bars was also 
found to be 24 tons ; hence, their resistance to single shearing 
was nearly the same as their ultimate resistance to a tensile 
strain. 

To avoid any anomalies from the use of the lever, or from 
the fitting of the pin loosely in the hole, two plates fths of 
an inch thick were now riveted together by a single rivet, |ths 
of an inch diameter, and the rivet was sheared by suspending 
actual weights from the plates; the rivet then sustained 12.267 
tons, or 20.4 tons per square inch. 

Three plates were tnen united by a similar rivet, and the 
rivet was sheared in two places by the centre plate. The ul- 
timate weight suspended from the rivet was 26.8 tons, or 22.3 
tonsper square inch of section. 

Ine woodcut on opposite page, No. i, represents in sec- 
tion plates riveted for a single shear ; No. 2, for a double 
shear; No. 3, for a treble; No. 4, for a shearing at four 
places. 

42. These experiments supply all the information that was 
needed to enable us to construct a joint of the best relative 
proportion of plate to rivet. For ^supposing the quality of 
iron to be the same in each) it is evident that the area of the 
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weakest Beotion oftheplatea, namely, that through the centres 
of the outermost row of rivets, must be eqiml to the sum of 

Hcl. No,3. M0.3. 



1::) 



the transTene areasofall those same rivets, forthusthe re^st^ 
ance to tensile forces of the sum of all the rivets will be equal 
to that of the plate diminished by the rivet-holes; and, the ul- 
timate tensile and shearing resistance of the rivet« being equal, 
the latter ia evidently equal to the 
ultimate tensile resistance of the 
plate, less the holes punched for 
the rivets. 

43. As the distance from cen- 
tre to centre is the same in all 
the rivets in any piece of work, 
and the edge of the plate Irom 
the centres of the extreme rivets 
half that distance, we may sim- 
plify the consideration by taking 

the case of one rivet only, in a portion I of the breadth of 
the plate equal to the distance from centres, as in the wood- 
cut. The thickness of the plate a being also given, we have 
only to calculate the diameter of a circle x such that the 
area of it may be equal to the transverse section of the plate, 
or fl X (/ - x), from whence we have 

— x^= al - ax. 




and, dividing by — , 
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14a 
II 



/- 



14a 
II 



«; 



14a 




putting k m ^ and transposing, we have, x (x + k) '^ k x L 

Hence we may solve this geometrically, for it is equivalent 
to producing a given line i, so that the rectangle under the 
produced part x^ and the whole line k -¥ x^ shall be equal to a 
given quantity, namely, kxL The diameter of the rivet thus 
depends upon the thickness of the plate, as well as upon the 
assimed distance /, between the centres of the rivets. 

In the wood- 
cut a portion of 
the plate is repre- 
sented in section, 
through the line of 
centres of rivets, 
at the full size, the 
thickness being 
supposed fths of 
an inch, and the 
distance CB from 
centre to centre of 
rivets i§ inch, as 
figured ; the solid portion of the plate having diagonal hatchings, 
and being equal in area to a circle described on x as diameter. 
The value of k with the above dimensions is o 4773 inch, or 

— X |ths of an inch, also A x / = 0.4773 ^ ^-^75 *= 0-S9.47 

square inch. We have now to find a length x such that, being 
added to 0.4773 i^^ch, and multiplied into the sum, the pro- 
duct shall be equal to 0.8947 square inch. 

In BC produced, lay ofFCN equal to A, on NB describe a 
semicircle, and at C erect the perpendicular CM to cut the cir- 
cle at M ; then kxl= NCxCB = (C M)'= 0.8947 square inch. 
If then we find a point M' such that NM' x CM'- (CM)*, we 
determine the diameter of rivet CM'. Bisect NC in O, and join 
OM; with O as centre, and OM as radius, describe an arc cut- 
ting CB in M', then M' is the point required. For the equal 
squares (OM)* and (OM')' are respectively equal to (OC)* 
+ (C M)» and (OC)* + TOCTCM' + ( CM')^ Take from each 
the equal quantity (OC)S and as NC = 2 OC, we have, 

(CM)» - NC X CM' + (CM')* = NM' x CM', 
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satisfying the above equation, and living CM' » 0.735 inches, 
nearly |ths of an inch, identical with the sixth example, § 44. 

The diameter of the rivet is generally about i^th of an inch 
less than that of the hole drilled or punched for it; this space 
is, however, completely filled in good riveting from the vpset- 
ting of the round bar by the hammering in closing. 

44. The following instances of the dimensions of riveted 
work will show what has been adopted in practice. 

The wrought-iron gates of the Dublin Graving Docks 
(Mallet's Patent) have rivets Jths of an inch diameter, 
2 J inches centre to centre ; this gives i^ inch length of plate 
between contiguous rivet-holes, or double the diameter of the 
rivet, a proportion that may very frequently be observed. 
The thickness of the plates was about f ths of an inch. 

In locomotive boilers we have the following examples : — 
Diameter of boiler outside, 3 feet 6 inches; plates, -f^ths of an 
inch thick, overlapping ; rivets |th of an inch diameter, and 

I fths of an inch apart. (" Description of Stephenson's Patent 
Locomotive," p. 7 ; Weale's Tredgold " On the Steam En- 
gine.") 

Diameter of boiler, 3 feet 6f inches; plates, fths of an inch 
thick, overlapping ; rivets fths of an inch in diameter, and 2 
inches apart, centre to centre. (*' Specification of Passenger 
En^es, Caledonian Railway," ibid.) 

Diameter of boiler, 4 feet high, 3 feet 10 inches wide; plates, 
^ths of an inch thick, overlapping 2^ inches ; rivets |ths of 
an inch in diameter ; and i fths of an inch apart centres. ('^ De- 
scription of Hawthorn's Express Engine," ibid.) 

Boiler, 3 feet 6 inches in diameter inside ; plates, fths of an 
inch thick; jump-jointed with covers or welts ; rivets, Jths of 
an inch in diameter. ^ Description of Locomotive Engine 
by Sharp, Boberts, and Co.," ibid.) 

At Inchicore Locomotive Workshops, when diameter of 
boiler does not exceed 2 feet 10 inches, the plates are fths of 
of an inch thick ; the rivets fths of an inch m diameter, and 

I I ths of an inch centres. 

The boiler plates are also chipped perfectly true by the 
cold chisel, and caulked both inside and outside — i. e. a por- 
tion of the plate is driven into the joint between the welt and 
the but-jointed plates; this renders them perfectly steam-tight. 

The bottom plates of the Great Britain steam-ship are 
fths of an inch thick ; the rivets are i inch in diameter, and 
inserted at distances of 3 inches centre. 
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Such are the proportions and forms of a few particular 
cases, in which it is hmhly important that the several parts in 
the construction should be united with the utmost strength. 
The following Table, deduced from experiments and actual 
practice by Mr. Fairbaim (** Useful Information for Engi- 
neers," Appendix, p. xxix.), gives the requisite dimensions of 
riveted work, in terms of the thickness of the plates, extend- 
ing from -^ths to ffths of an inch, and thus embracing every 
case that usually occurs in practice. 

Tablb exhibiting the Strongest Forms and Best Proportions of 

Riveted Joints. 



ThickneMof 

plates In 

inchen 



0.19 
0.25 
0.31 

0.375 
0.50 

0.63 

0.75 






Diameter of 

riyetsln 

inehei^ 




1-5 



Length of 

riyetsfrom 

tlie head In 

inchea 



a88^ 

1.38 
1.68 
3.25 
2.75 
3-»5 



►4.5 



Dlatanoe of 

rivets from 

centre to 

centre In 

inehea. 



'•*5 u 

1.50 i 

1.63 \. 

1.875 p 

2.00 \ 

2.50 J4 

3.00 J 



Quantity of 

lap In single 

joints in 

inches. 




Quantity of lap In 

doable-riveted 

Joints in inches. 



For the double- 
riveted joint, 
add two-thirds 
of the depth of 
thesiiiglelap. 



It will be perceived that, except in the third column, the 
same multiplier or proportion does not continue ; in the rest 
they decrease as the plates increase in thickness. 

Let us take a plate f ths of an inch thick, and seek from 
this Table the diameter of rivet and other dimensions, when 
the plates are joined in the strongest manner. The diameter 
of the round bolt of which the rivet is formed will be twice 
the thickness of plates, or fths of an inch. The distance apart 
from centre to centre will be 1 inch and ^fths, or 1.875 — ^- ®* 
five times the thickness of the plates. 

Again, in joining plates fths of an inch thick, the diameter 
of rivet should be once and a half that thickness, or 1.13 inch, 
and the distance apart centres, four times the diameter, or 3 
inches ; and so of the other parts. 

45. About 30 per cent, of the section of a plate, as it is 
before having been drilled or punched forthe rivets, maybe con- 
sidered, approximately, as removed, and to that extent it 
would be weakened for all purposes of tensile resistance, were it 
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not for the other forms of joint, which have been devised in 
lieu of the simple overlap, with a single line of rivets. 

These are:' — The double riveted joint, with the rivets 
placed zig'Zag. The chain-riveted joint. The joint secured 
by V-formed overlaps or cover plates, with rivets diminished 
in number in each successive parallel line. 

The joint in which it is proposed to employ oval in- 
stead of circular rivets. The joint, with plates thickened at 
the ends, where pierced for rivets. In all these it may be 
remarked that any comparative increase of strength ia 
obtained by increased weight of material, and all in dif- 
ferent degrees fall short of that of the plate. 

The double, treble, &c., riveted joints, overlapping, are 
shown in Plate II., Figs. 96, &c. The relative tensile 
resistance of the unpierced plates, the same when joined by 
double riveting and single riveting, are as the numbers 
100, 70, and 56, 

Chain-riveted butt joints of various forms are shown in 
Figs. 9^, &c. 

The joint with plates having a thickened edge is shown 
in Fig. gky if the rivets are 3 diameters from centre to 
centre, the thickness of plate to that at the thickened edge 
must be as a to 3 to make the joint of the same strength 
as the plate. 

46. The drawings, Plate III., Figs, gn^ &c., are from 
a series of specimens in the Model-room of this School. The 
plates in each of them are 18 inches wide, andfths-inch thick, 
having therefore a transverse section of 6.75 square inches. 
The rivets being ^th-inch diameter have a transverse areaot 
o'3 square inches resisting shearing, and the loss of plate at 
each rivet hole is 0.234 square inches, Fig. gw. 

In No. I. the plates are overlapped, and V-formed at 
the ends, with 22 rivets through each plate. The drawings 
that follow to 95 show in end view and elevation the effects of 
a supposed fracture through the succcessive lines of rivets, 
commencing at a; a statement is also given of the sum 
of the area of the plate and rivets at each of these lines. 

The weakest part of the joint is, therefore, through the 
plate at a, where it is less than that of the unpierced plate by 
one rivet hole, or the ^^^th part, and to that extent the 
efficiency of the plate is sacrificed. 

In No. II. the plates, butt-jointed, are united by two 
covers, each ^^ ths inch thick ; the rivets being in double shear, 
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are, therefore, about half as numerous in each plate end — 12 
instead of 22. 

In No. III. the cover plates are, together, so much thicker 
than the plate; that their sectional area through the line 
of rivets e or d is as great as that of the plate through a. 
To compute this we have — a being the sum of the thick- 
nesses of the cover plates— > 

14.875 (« iB" - 5 X 0.625) >< * = 6.516 square inches. 

Dividing, a = — 1 — « 0*44 inches, 

14.875 

or about ^-inch for each cover. The cover plates in 

No. II. contain 148.5 cubic inches ; 
No. III. „ 103 „ 

nearly 3 to 2 in favour of No. III. 

The methods of jointing the plates in the flanges of 
girders is given in No IV., Fig. gv. 

The joint formed with rivets of an oval section, and having 
the smaller diameter parallel to the edge of the plate, is illus- 
trated in Fig. gx ; compared with the circular rivet the distance 
is increased by one-sixth, and therefore the area of the oval 
should be greater than that of the circle in the same propor- 
tion ; the diameter of the circle being |-inch, and the smaller 
diameter of the oval equal to ^-inch, its larger diameter must 
be i| (= 1. 125) inch to give an equal area for shearing; but 
as the plates are now one-sixth stronger, we must make the 
area of the oval rivet stronger in the same proportion, or 
1*30 in the larger diameter; the overlap of the plates must 
evidently be greater than when circular rivets are used, the 
distance from the edge being maintained the same. 

47. Analogous to rivets are the stays used in the fire-box. 
Fig. 95^, of locomotive and marine boilers. The fire-box, consist- 
ing of the internal flat plates on which the fire plays — always 
made ofcopper, from its ductility and High conducting power — 
and the outer plates of wrought iron, parallel to these, about 
3 inches apart, would certainly yield to the pressure but for the 
numerous stay -pins inserted transversely, which, being screwed 
into each plate, and the projecting heads hammered down as in 
riveting, hold the two parallel flat plates, so that no change of 
shape can occur from an internal pressure ; each stay has to act 
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agfunst the presBure upon 16 to 27 square inches of Huriitcei 
according to the dietance wart at which they are pla<ied. 

48. Mr, FturbMTn expenmented 
on the resisting powers of the iron 
screwed into a portion of an inside 
copper plate of a locomotive en^ne, ' 

which had burst in the fire-box. | ^ 

The stay marked A in the woodcut, ' 
f ths of an inch in diameter, not ri- 
veted, required aforce of 18260 lbs. 
= 8.1 tons, to strip the screw anddraw 
it out of the copper plate ^ths 
of an inch thick; and the stayfi, of 
exactly the same dimensions, but 

riveted over the end, required a 3 

force of 24140 lbs. = 10.7 tons 
before it was separated, showing 
an increase of resisting power of 
about 24 per cent. If' such stay 
had therefore to support the fire-box 

in which they were placed in squares of 4 inches in the side, 
the resisting power would be equal to a pressure of ijoo lbs. 
per square inch; if of the larger aze mentioned above, the 
squares being 27 inches area, the resisting power would be 
894 lbs. per square inch. 

Further experiments were tried on iron stays, fths of an 
inch diameter, screwed and riveted into iron plates, and a 
copper stay jths of an inch in diameter (which, as lasting 
double the time that those of iron are found to do, ai'e made 
use of in tlioae parts of the fire-box where they are not acces- 
eible, and where, consequently, if of iron, they could not 
be readily renewed), screwed, and riveted into a copper plate, 
both plates being fths of an inch thick. 

The iron stay, screwed Mid riveted into iron plate fths of 
an inch in thickness, was torn asunder transversely with 
28760 lbs. = 12.5 tons, both screw and plate remaining per- 
fect. 

The copper stay, elongating with the successive weights 
applied, finally broke with that of 16265 '^^- " 7'^ *'"*^ ■ *^^ 
cdtimate elongation being 0.56 inch in a length of 3 inches. 

49, In orderto render these experimentsBtill more complete, 
and give a greater similarity to the actual circumstances of a 
fire-box, iWr. Fairbaim constructed two boxes, one of which 
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is represented in section and elevation in the woodcut. The 
boxes were 22 inches squaret and 3 inches deep ; one phtte 
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being of copper, \ an inch thick, the other, wrought iron, fths 
of an inch thick; these were riveted upon a frame of iron: the 
boxes being identical, except that one had the transverse stays 
placed in squares of 5 inches in the side (nearly the same as in the 
boiler above mentioned, which had exploded), the other in 
squares of 4 inches in the side. Water was forced in as in 
an hydraulic press by force-pumps ; the stays in the former 
case having to support the pressure upon 25 square inches, in 
the latter only 16 square inches* It may be well to state to 
students that boilers are never tested by a steam-pressure, 
but by water-pressure from pumps, same as used for hydraulic 
presses ; the experimenter may stand by with safety in the 
latter case, but, if steam were used, the effects would be like 
the bursting of a shell. Boilers must be proved under steam 
with the pressure they are intended to work at, to try if they 
are steam-tight, and the riveting and caulking good. 

The model with stays 5 inches apart finally gave way by 
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the head of the central stay being drawn through the copper 
plate, which, from its ductility, offered less resistance to pres- 
sure in that part where the stay was inserted, the pressure 
being 815 lbs. per square inch. 

50. The other model, which is that represented in the wood- 
cut, with stays 4 inches apart, gave way at 1625 lbs. pressure 
per square inch, failing by one of the stays stripping or tearing 
Sunder the threads or screws of the iron plate at the end of 
the stay marked a in the woodcut, on the dotted line through 
which the section is taken. 

The actual strain on each stay in tons is found as follows: — 
In the first case with 8 1 5 lbs. per square inch, and squares 
of 25 square inches depending upon each stay, we have 

— = tons. In the second case, = 1 1 i tons. 

2240 2240 

As in the latter case the diameter of the stay was -flths 
of an inch, the strain per square inch of section was about 
1 3 tons, which is within the limits of rupture of wrought 
iron to a tensile force. 

51. Still further to elucidate this subject, and bring the 
experiments to an identity with the circumstances of actual 
construction, Mr. Fairbaim obtained a locomotive engine, a 
fao-simile of that which had exploded, constructed by the 
same makers, and of the same age, having been at work from 
1840 to the date of this experiment, 4th May, 1853, and 
having run about the same number of miles, namely 105,000. 
It was subjected to hydraulic pressure up to 207.5 ^^' V^^ 
square inch; with this pressure one of the bolts of the cross- 
bar. Fig. 9, over the fire-box broke, which caused the experi- 
ment to be discontinued, as the leakage was greater than the 
force-pump could supply. 

At 1 10 lbs. per square inch, this leakage had commenced, 
and gradually increased up to that of 207.5 lbs. The fire-box 
is described as having been, prior to the commencement of the 
experiment, considerably sunk or bulged, and the rivets as 
well as the stays much weakened. It may be concluded, 
therefore, that the engine which had exploded must have 
done so under a pressure of not less than 300 to 350 lbs. per 
square inch ; the experiment having not in effect measured 
the ultimate resistance of the fire-box, but rather having been 
brought to a conclusion by what may be looked upon as the 
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acddental fiulure of one of the bolts oonnecling the crown- 
ban to the roof. 

$2* In assigning the probable cause 
for the explosion of the engine, it had 
been objected that it was not possible 
the steam could have been raised from 
60 lbs. per square inch, to that pressure 
of about 300 lbs. per square inch — which 
the above experiments would indicate as 
requisite to that effect — in the interval 
which elapsed between the safety-valve 
being screwed down, and the occurrence 
of the accident. An experiment was 
therefore undertaken to determine the 
rate of increase of pressure, temperature 
of steam, &c., in a locomotive engine, 
with the safety-valve screwed down, 
and the fire under the boiler. It resulted 
that in 22 minutes the pressure rose from 
11.75 ^^^* to 1 1 1 .75 lbs. per square inch. 
From the general discussion .of the law 
of increase of pressure and temperature, 
as exhibited in this experiment, and the 
formula thence derived, it appears that 
to raise the pressure from 60 lbs., as a 
commencing point, up to 300 lbs., would 
require but 28 minutes ^"XJseful Inform, 
for Engineers," Appendix, pp. 64-67). 

53. Not less important as a method 
of combining into one structure several 
separate pieces, not only of wrought iron, 
but also of cast iron, is the wrought-iron 
screw-bolt and nut. It is but a few years 
since manufacturers of machinery have 
adopted any uniform system of propor- 
tionmg the depth and diameter of the 
head and nut to the diameter of the 
blank shafl of the bolt, or assigning the 

due numberof turns of the screw per inch, 

and proper depth of thread in connexion •< i'j^ y 

with that same unit of dimensions. 

The woodcut represents at full size a ^inch bolt with 
head, nut, and screw ; it will be observed at once that the 
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depth of the nut and also of the head are exactly equal to the 
diameter of the bolt, and this holds good with all diameters 
of bolt : with a a-inch bolt the; ate two inches, and with a 6- 
inch bolt they are six inches also, i. e. when the bolt ie eo 
used in any structure as to be resisting tensile forces ; if, how- 
ever, it be applied merely as a means of connecting separate 
parts, and by that duty not exposed to tensile strains, then 
the depths of the bead and nut are only |ths of the diameter 
of the shall of the bolt. 

The diameter of the circle circumscribing the nat is about 
double the diameter of the blank shaft; of the bolt, and, as the 
nuts are hexagonal, the »de of the polygon will be nearly 
equal to that diameter. The externcd dimen^on of the nut, 
as generally given on the published drawings of the series of 
bolts, extending from 2 inches to ^th of an inch in diameter 
of bolt, is that between two opposite parallel &cea of the hex- 
agon. 

In the following Table the bolts differ in diameter by ^th 
of an inch in the lai^r sizes, down to ^inch bolts ; below 
that, by tV^^ of an inch. 

The breadth of nut differs by -^ths in nearly every case. 



The following Table gives the number of threads per 
inch up to 6 inches diameter. 



DLuneterofBoll, . . 
No.ofthre»d«periiich, 


3i 
3i 


3i 
3* 


3* 

i 


4 
3 


44 j 4r j 




si 


si 

'1 


6 



54. If we conceive the transverse section of the bolt to 
he of such strength as that, on sufficient weight bdne applied 
longitudinally to it, the bolt may be drawn trough tiie head, 
shearing the material along a cylindrical surface, which is the 
continuation of that of the bolt, — and, therefore, equal to the 
depth of the head multiplied into the <»rcumference of the 
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bolt — ^then, by making the depth of the head equal to the diar 
meter of the bolt (as appears above to be the practice), we 
have this area equal to four times the transverse area of the bolt, 
for the latter is expressed generally by d* x ^.14159 -s- 4, 
and the cylindrical surface resisting the shearing force is — 
depth X </ X 3. 14 1 59 ; which last» when depth « d^ is evidently 
4 times the other : and as we know that the shearing resistance 
of any surface is equal to the transverse resistance of the same, 
ample strength appears to be secured by the proportions in use 
in construction. The force required to punch a hole i inch 
diameter in a f-inch plate is 46 tons, or 19*6 tons per square 
inch* To draw a ^inch bolt through its head would thus 
require i $^ tons. 

As to the nut and screw, we may conceive the transverse 
section of the bolt to be of such strength that (sufficient force 
being applied) it may either burst the nut, or strip the thread 
from the nut, or leave the threads of the bolt itself in those of the 
nut ; in the second case the cvlindrical surface has the base of 
the threads of the nut, and m the third the base of those of 
the bolt, each into the depth of the nut, for effective resisting 
area ; the latter is evidently the lesser of the two, and as with 
the same diameter of bolt the outer cylindrical surface is con- 
stant, and the difference of radii of these two concentric 
cylindrical surfaces equal to the depth of the thread, we find 
that, the finer the screw, the stronger it is. Practical con- 
siderations, however, put a limit on the use to be made of this 
advantage, such as the greater wear and tear and liability to 
injury m screwing 
and unscrewing when 
the threads are of ^^ 
small depth, and the "^" 
pitch fine. 

The force required 
to burst open a nut, 
and to resist which 
they must be of suffi- 
cient diameter, depends on the angle formed by the sides of 
the thread, which may be considered as parts of the surface of 
a cone, as in the dotted lines in the woodcuts, which are sec« 
tions through the centre line of bolt and nut ; the deep thread 
is drawn more obtuse, and the shallow thread more acute, 
throwing therefore a greater bursting strain on the nut. 
(Holtzappfel, vol. ii. pp. 655, 681). 
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The angle at which the sides of the thread of the screw 
intersect is generally 55" for all depths and pitch. 

55. *' The wrought-iron chiun cable, which has now com- 
pletely superseded those of hemp, was first brought into use 
about 1 8 1 1 , by Captain Sir S. Brown. The original cost is 
not much higher than the hempen cable. But the security 
afforded by it is vastly greater ; for it is exposed to none of 
the deteriorating causes which render a hempen cable, after 
much use, comparatively so little trustworthy. The alternate 
wetting and drying, which saps the strength of a hempen 
cable, has. no effect on one of iron. The friction agtunst rocks, 
especially agunst coral, is often fetal to a hempen cable in a 
few minutes ; but the same friction, after weeks of hard use, 
only slightly polishes a few links of the chain. In tropical 
countries, therefore, the introduction of chain cables has in^ 
creased the security of ships at anchor ten-fold; but in every 
climate their advantage is iuimense. Nor does this superiority 
consist solely in their strength and durability, for they are 
managed with more facility, occupy far less space, and are 
stowed away with little, or, it mRj be said, no trouble at all; 
for as they are hove in, they fall quietly into and adjust ' 
themselves in a box or case near the 

hatchway, from which they are drawn 
up, when wanted, with comparatively 
small labour. The shackles, by which 
they are joined on to the anchors, are 
an immense saving of time in doing 
away with the labour of splicing and un- 
aplicing, necessary when hempen cables 
were used." — (Captain B. Hall's Foy- 
agei.) 

56. The woodcut represents in ele- 
vation the form and dimensions of a 
^ngle common-link ; and also a sec- 
tion through the link on the dotted line 
AB. 

The diameter of the round bar out 
of which each link is formed is taken 
as unity, and then the longer diameter 
ofthe oval is made 6unit8,tne lesser 3.6; ^fK^^f 

the cast-iron stay-pin is 0.6 in the centre, 

and I at the base, where it is shaped to the surface of the inner 
part of the bar. If then the diameter of the bolt, before being 
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bent into the oval shape, and welded together, was 2 inches, 
we should from these proportions find the length 12 inches, 
the breadth 7.2 inches, and the stay-pin 2 inches at the 
base, and i .2 in the central part. 

The cable for a first-rate line of battle-«hip is formed of 
links manufactured out of bar iron 2^ inches in diameter; such 
a cable, 100 fathoms long, weighs, with 4 swivels and 8 joining 
shackles included, 12 tons 3 cwt., or 272 lbs* per fiithom. 
That formed of bolt i:^ inch in diameter weishs 84 lbs. per 
fathom, or 3 tons 1 $ cwt. for one hundred fathoms. 

The krge mooring chains for the buoys in the river Clyde 
are formed from bars 2fths of an inch in diameter; each link 
weighs 42 lbs., and the coupling links from 50 to 52 lbs. The 
cables for the Great Eastern steam-ship are of unprecedented 
dimensions, each link weighing 70 lbs. 

The 100 fathoms, or 600 feet, is divided into 8 lengths of 
75 feet, or 1 2.5 fathoms, which are separately proved by an hy- 
draulic press, with a table sufficiently long for one length of 
the cable to lie upon. The several lengths are united by joining 
shackles, and have one swivel in the middle of every other 
length. The proof — which is estimated at 630 lbs. per square 
^th inch of transverse area — ^is, for a 2:^inch, 91^ tons; for a 
i^-inch, 28| tons. The ultimate strength being about 125.9 
tons and 38.5 tons respectively. 

A hempen cable, 25 inches in circumference (for thus, and 
not by diameter, are they always specified) weighs 1 29. 1 6 lbs. 
per fathom, or 5 tons 14^ cwt. per cable length of 100 fathoms, 
and by actual experiment one was broken with 103.25 tons. 
Further information is given in the Article " Cable" m ** Aide 
Memoire of the Military Sciences," by Colonel R. J. Nelson, 
from which this section has been partly compiled. 

57. From experiments undertaken by Captain S. Brown 
in 1 8 16, it appears that chains formed of round bolt i finches 
in diameter gave, at a mean of 13 experiments, 76 tons for the 
ultimate strength of the double bolt — ^i. e. 38 tons for a single 
bolt I finches in diameter, and as (1.5)' x 0.7854 = 1.767 

square inches, we have = 2 1 i tons per square inch. The 

same machine gave the ultimate strength of bar iron at 25 
tons ; the ratio, therefore, of the strength of the simple bolt 
to the same, welded in the form of oval links of chain, is 1 00 
to 86; these chains were, however, without the stay-pins, 
which are shown in the woodcut; these act under compression 
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as pillars in resisting the shortening of the smaller diameter 
of the oval of the link, and so also oppose the tendency of 
the longer diameter to become elongated under great strain, 
keeping the material better to its work, and inducing a higher 
ultimate resistance ; the cable with stay pins being found of 
an ultimate strength very nearly equal to that of the iron in 
the simple bar form. The stay may thus be said to increase 
the strength about one-sixth part ; the total weight is, how- 
ever, increased in a ratio not much less, but the cost of the 
cast iron is far less than an equal weight of wrought iron, in 
this instance probably less than one-half. In end-links of 
a chain cable, which are necessarily without stay-pins, the 
strength is increased ; the diameter of the bolt being 1.2, that 
of the common link being unity. 

58. Another interesting and important application of 
wrought iron, under the head of resistance to direct tensile 
forces, has been in the construction of suspension bridges, by 
means of which a safe and permanent communication is se- 
cured in positions where it would have been impossible to 
erect a bridge of masonry, or, at least, so expensive as practi- 
cally to amount to the same. In Great Britain the main-chains 
of suspension bridges are almost always formed of flat wrought- 
iron bar-links, arranged in sets, and united by transverse bolt- 
pins, through eyes drilled at each end On the Continent and in 
North America they are constructed of continuous wire ropes. 
The flat bar-links require to be manufactured with the utmost 
care, and by machinery of an expensive character, and are 
not so easily transported to remote and secluded districts, where 
it may be desirable to Of)en up new lines of road, as the mate- 
rials of a wire-rope bridge. 

59. Fig. 10 represents one of the bar-links of the Menai 
Suspension Bridge, its side-link, and also an adjusting link, 
with its appropriate side-link. The transverse section in the 
line CD is 3.25 square inches, being 3.25 inches broad, by i 
inch thick, and 10 feet from centre to centre of bolt-hole ; of 
these links there were 80, ^ving a total transverse area of 260 
square inches, span 570ft it is necessary to proportion the ends 
of the bar, so that the transverse section in the line AB be equal 
to that at CD, and also that the diameter of the bolt-pin be such 
that it may resist the shearing action of the tensile force to 
which the bars are subjected ; and again, the interior surface of 
the eye on its extreme semi-circumference must be of area 
suflScient to resist any permanent alteration by the great com- 
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pression it ia exposed to ; and bo ofthe surface of the transvene 
bolt-pin also. The bars id this Bridge were united by short 
side-links, i6 inches long, 8 inches broad, hy one inch thick, 
and were thus lud in direct line : — Two bolt pina being 
required at each joint, the present practice dispenses with these, 
and lays the ends of the bars so far overlapping as to bring 
the eyes truly opposite, in which case a dingle bolt-pin only is 
required at each joint. The wood-engrsTing exhibits this 



method, showing in isometrical perspective the junction of 
the bars in one set of main-chains of the biidge over the 
Danube at Peath, span 666 feet. 

It is seen that there are alternately i o and 1 1 bars in each 
set ; nevertheless, the resultant of all the parallel forces of 
direct tension passes symmetrically through the centre line 
of each set, in one case lying in the middle bar ofthe ii, in 
the other in the middle space ofthe lo bars. The vertical 
bar which supports the portion of the roadway from jiant to 
joint is also shown, and the washer outside it, on which the 
hexagonal head ofthe bolt-pin rests, the opposite side having 
a eioular vertical bar, washer, and hexagonal nut screwed upon 
the thread worked on one end ofthe transverse bolt- pin. The 
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bars were all invariably 10.25 ii^ches in depth, but varied in 
breadth from 1.08 to 1.125 inches for the sets of 1 1 bars, and 
from 1. 1 86 to 1.25 inches for the sets 
of 10 bars, the lesser breadths in each 
set being at the centre of the main 
opening; the peater, near the top of 
the tower. The total area of trans- 
verse section would thus be about 486 
and 510 square inches at those two 
extreme positions respectively, giving 
a difference of 24 square inches, lessen- 
ing the weight of the main chains 
about 10 tons. 

60. The form of the head of the 
bar in the Pesth Bridge is evidently 
superior to that of the Menai : in the 
latter, Fig. 10, the form of the outer 
line of the head is circular, concentric 
with the eye, and having apparently 
only in the line aA, transverse area ^ 
equal to that of the bar itself at cd^ ^ 
being deficient in the requisite mass of *J< 
iron. The lifting bar, § 63, is also su- |, 
perior, even at the end not stepped. 

The bars of the Pesth Bridge, as in 
the wood -engraving, have the head 
formed by lines parallel to the lines 
of the bar itself, and we can readily 
conceive this head resisting any elon- 
gation, permanent or temporary, by 
that greater quantity of metal which 
it contains, external to a circle touch- 
ing these right lines, and concentric 
to the eye. 

A special portion of this work will 
be devoted to the theory of the suspen- 
sion bridge, so far as it may be needful 
to obtain rules, by calculation from 
mechanical principles, for the requisite 
dimensions of the several parts. 

61. The Charing Cross Suspension Bridge — for foot pas- 
sengers only — span 676.5 feet, has bar-links of 24 feet in length 
from centre to centre of the eyes, 7 inches in depth, and of a 
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varying thickness, about i inch, those at the centre of the 
span being less in area than the more inclined bars at the 
summit of the towers: the total sectional area at the centre 
of the span being 296 square inches, and near the piers 312 
square inches, being a difference of 16 square inches at these 
two points. The great length of the bars in this bridge di- 
minishes very much the number of parts, and the number of 
surfaces to be truly fitted, and thus tends to secure each bar 
performing its intended duty. 

The bars of the Chelsea Suspension Bridge are intended to 
be 16 feet 6 inches long, from centre to centre of eye or pin- 
hole. 

62. Mr. Tiemey Clark designed an ingenious form of 
head for the lifting and retaining links of the Pesth Sus- 
pension Bridge, by which they were advantageously secured 
and raised. (Plate 22a, Part iv., Sup- 
plement to " Theory, Practice, &c. of 
Bridges :" J. Weale.) 

The wood-engraving represents this 
form of head, which has underneath on 
each side double slotted steps, the projec- 
tion of the upper ij, the lower ifths of 
an inch, the vertical depth apparently 
the same. Clams or cheeks were con- 
structed with corresponding slotted steps, 
by which the chains were gripped. The 
contrivance of the double step, instead of 
a single one of a double depth, obviates the 
liability to break by a fracture commencing at the re-entrant 
angle; the wood-engraving with the sin- 
gle step on each side, compared with that 
above, is sufficient to convince the judg- 
ment of this advantage; in fact, if from any 
want of true fitting the shoulder should 
in each case bear upon the clam on the 
points only, then the leverage to tear open / 

the head at the angle is with the single / 

step twice that which obtains in the case Lj-/ 
of the double-slotted steps, and the weight 
or pressure is also double, unless we sup- 
pose the workmanship of the double-step 
to be so extremely bad that the inner of. 
the two does not bear its due portion of the load. 
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63. The plate^bar of the chains used in lifting the Conway 
and Britannia tubes is represented in the wood-engraving. These 
tubes were constructed on the shore, upon platforms of timber a 
little above the reach of the tide, and floated off at high water by 
pontoons let in under them, and then drawn into a position where 
they deposited the tubes, as the tide fell, upon a shelf of masonry 
at the foot of the piers which these tubes were destined to 
connect. They were elevated to the proper level of the rails 
bv means of hydraulic presses at each end, placed sufliciently 
high in the piers to command the tubes at their greatest in- 
tended elevation. The plunger or ram car- 
ried a cross-head, from each end of which 
the chains, consisting of links of plate-bars, 
depended. 

It will be observed that these plate-bars 
had the double-slotted steps underneath the 
head, similar to those in the lifting and re- 
taining links of the Pesth Suspension Bridge; 
the slotted steps are here, however, differently 
and perhaps better proportioned, the depth 
of the step being 2 inches, and the projec- 
tion 1 ^ inch. 

Movable clams, Fig. 11, with corres- 
ponding steps were let in under the heads 
of the plate-bars, one set being placed on 
each end of the cross-head, and a second set 
upon the beams below, which supported the 
hydraulic press. These presses had an ef- 
fective stroke of 6 feet, the same as the 
length of the links ; when, therefore, they 
had elevated their load a lift of that height, 
it was necessary, in order to continue the 
operation of raising the tubes, to let down 
the ram and cross-head to the bottom oi' its 
stroke, and in the meantime retain the lift- 
ing chains and tube at the height attained; 
this was effected by closing the lower set 
of clams on the immediately contiguous 
slotted heads, and the water being now let 
out of the hydraulic presses, the weight of 
the tube was therefore resting on the lower 
set of clams, and the upper clams being opened released the top 
setof links, which were therefore removed. The cross-head hav- 
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ing descended 6 feet, was yet a distance 6f 6 ieet also from 
the lower clams placed on the beams that supported the press, 
and had therefore links in position ready to be gripped by the 
clams which it carried ; these being now closed in, and >vater 
driven into the press, the ram and cross-head carrying its 
burthen was raised anotlier 6 feet, the lower set of clams 
being opened when relieved of the weight ; and thus the 
opemtion was continued until the required elevation was 
attained. — ^Clark on •* Britannia Bridge," pp. 604-614.) 

A workmg model of this remarkable engineering opera- 
tion, at a scale of ^^th or |ths of an inch to a foot, is in the 
Museum of this School of Engineering. 

64. Let us examine the proportions of the several parts 
of these bars and pins : — Fu'st, as to the shearing resistance of 
the transverse section of the pin, compared with the tensile 
resistance of that of a plate-bar. From what has been proved 
in §41, we know that these areas may, ibr one shear, be equal. 

The plate-bars were arranged in sets or links, alternately 
8 and 9 in number, the former being i .25, the latter i .1 inches 
thick, compensating difference in number by difference in thick- 
ness, all having a common breadth of 7 inches, which gives a 
transverse section of 8.75 and 7.7 square inches for each bar 
respectively, or 70 square inches for the 8 bars, and 69.3 for 
the 9 bars. 

Now the pin, being 3f inches in diameter, has a transverse 
section of 10.32 square inches to resist shearing, and as from 
Fig. II it is seen that there are 16 cross sections of the pin, 
giving 165.12 inches to resist shearing, and but 70 or 69.3 
square inches, as mentioned above, to resist tensile strain — it 
is evident that there is a great excess of shearing resistance ; 
but other circumstances forbid such reduction of the diameter 
of the pin as would have made these areas equal for. 

Secondly, the sum of the areas of the slotted steps should 
be equal to the effective area of the inner and upper half sur- 
face of the eye of the head of the bar, each having to resist an 
equal compression arising from its due portion of the weight 
during the lifting ; and the pin, being of the same diameter as 
the eye, has an equal surface under compression, a surface de- 
pending on the diameter, and thus the area of the slotted steps 
regulates the dimensions of the pin. The following calculation 
shows that the diameter, requisite to give effective area to resist 
compression, is greater than that to resist shearing, for the 
former area must equal the sum of the areas of the slotted 
steps. These being 4 in number in each bar, and projecting 
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1.25 inches, if we take one of the 8 plate-links 1.25 inches 
thick, we have for each bar 6.25 square inches, or 50 square 
inches for the 8 bars. The bearing surface of the pin — taking 
its whole upper semi-circumference as acting — is 7.12 square 
inches under each bar, or 57 square inches for all the 8 bars. 

As the whole upper semi-circumference of the pin does not 
equally resist the vertical pressure upon it, the excess of 14 
per cent, is, therefore, very judicious. 

The compression amounted to 10 tons per square inch. 
The greatest tensile strain was 8.3 tons per square inch. — 
(Clarke on "Britannia Bridge," pp. 611, 612.) 

It is probable that in lifting the tubes these chains were 
strained in a higher degree than ever practised before, but 
the extreme accuracy of workmanship prevented all unequal 
strain, and the tube was suspended on them for several weeks. 
The pin and bearing part of the pin-hole were visibly upset by 
the pressure. The depth immediately over the pin-hole, it may 
be observed, was greater than the width on either side of it. 

65. Wrought iron in form of Wire Ropes has now gained 
extensive use for suspension bridges, railway inclines, mines, 
standing rigging, signal cord, &c., and has a much higher tena- 
city than common wrought iron, even of the best description. 

For, in the first place, the iron out of which the wire is 
drawn must be of a very excellent quality in order to be at 
all suitable for that operation ; and secondly, the additional 
tensile power of resistance it derives from this process of 
drawing into wire is nearly threefold. Thus, a rod of iron 
of dimensions capable of sustaining i^ tons tensile force, when 
drawn out to three times the original length, or, which is the 
same thing, having only one-third of the original section, is 
still able to sustain i ^ tons ; and the expense of this is about 
30 per cent, of the original cost of the iron rod, but its length 
is increased 300 per cent., and this increase of length is equi- 
valent to an increase of quantity in that ratio, as the strength 
is not diminished ; hence the great economy of iron wire in 
those applications above enumerated. 

It seems, however, not to retuin in combination, when laid 
or twisted in spiral strands, that great superiority of tensile 
resistance over common wrought iron bars that it exliibits, as 
a single straight wire compared with the same section of 
wrought iron of ordinary manufacture. In this it is analogous 
to the yams of a hempen cable, which lose nearly one-half of 
their strength, and one-third of their length when twisted, 
and forming part of a cable. It is easy to observe, when 
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examining a cable of hemp or wire, that» when it is strained, 
all the fibres or wires oannot be equally resisting the tensile 
force, for they do not all make equal angles with me direction 
of the axis, — those, if any, which are parallel to the axis resist 
with the full power due to their transverse section, and the 
others less and less, as the angle of their inclination may be 
greater. And in wire cables for suspension bridges, which 
are mostly laid parallel, and bound round externally, and do 
not therefore come under the above disadvantage, it is yet 
nearly impossible, when laying the several single wires together, 
to secure each at an equal initial strain, so that when in use in 
the construction they may all perform an equal duty. 

66. The following Table, published by Messrs. B. S. Newall 
and Co., exhibits the comparative dimensions, <&c., of hemp 
and wire rope of equal strength. It will be observed that 
the transverse section of the hemp is nearly four times greater 
than that of the wire rope, and the weight double. 

Table showing the strength of Wire Rope. 
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Kuper and Co. have also published a Table for round 
and flat wire ropes compared with hempen ropes of equal 
strength, in which the numbers are nearly identical with 
those above. 

67. In mines worked at the great depths they now are, 
especially in the coal-pits of the north of England, — where 
many shafts are about 1800 feet deep, — it is necessary that 
the mineral should be raised to the surface with great velocity 
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in order to obtain quantity sufficient to render the mine remu- 
nerative ; any additional shafts for that purpose are, at these 
great depths, too expensive to be undertaken. The winding 
engine is therefore made of great power, and the rope of 
great strength ; both the power and the strength being espe- 
cially needed at the start, which they make nearly at full 
power, and almost immediately attain a high speed. For in- 
clined planes on those parts of railways too steep for locomo- 
tive power, chiefly if not exclusively used on mineral lines, 
the wire rope, from its strength and durability, is found of the 
highest value ; when used for this purpose, it is exposed to 
great friction, and sudden, severe strains. The drums around 
which it is woimd are about 1 2 feet in diameter, much less 
than that being unsuitable, from the partial rigidity of the 
rope ; and hence also it is only used for the standing rigging 
of vessels, for which it is very valuable, exposing so much 
smaller a surface to the action of the wind, stretching less than 
do hempen ropes, of much less weight for the same strength, 
and admitting of smaller spars being used. 

68. The wire cable for suspension bridges has long been 
used for ordinaiy carriage roads on the Continent and in the 
United States, and very recently has had its application suc- 
cessfully extended in the latter country, so as to afford a nearly 
rigid way for the passage of railway trains. 

The Niagara Suspension Bridge, designed by Mr. John 
Koebling, has a span of 821 feet, and a twofold way, the upper 
for the railroad, which is a single line ; the lower for ordinary 
traffic : they are supported by four main cables of wire, each 
10 inches in diameter, and each consisting of 3640 wires of 
small No. 9 gauge, 60 wires forming one square inch of solid 
section ; hence we have 60.40 square inches of transverse sec- 
tion in each cable, the total amounting to 241.60 square 
inches, and the total number of wires being 14,560. The 
average ultimate strength of one wire is 1 648 lbs. ; it mea- 
sured 18.31 feet per lb., and the specification required it to be 
tested thus : — Having been suspended between two posts 400 
feet apart, it was drawn so that the deflection was 9 inches. 
From a number of trials, the results of which varied but 
slightly, it was found that the average deflection at which 
rupture took place was 0.683 feet, or little more than 8 inches. 
The above corresponds to about 1640 lbs. per single wire, or 
nearly 100,000 lbs. per square inch. It was also required 
that it should be bent square over the jaws of a large pair of 
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pliers, and bear rebending without rupture. The greatest 
probable load on the railway and the common road below, to- 
gether with that of the weight of the bridge itself, is cal- 
culated to produce a strain upon the cables one-fifth of 
their ultimate resistance. It is possible that a dense crowd 
of persons and heavy waggons on the lower road, simulta- 
neously with a heavy train above, may give a higher value to 
this fraction, and greater strain upon the cables; but it is 
worthy of remark in this suspension bridge that it is, to a 
great extent, free from the danger arising from vibrations, 
whether vertical or lateral, which advantage is due partly to 
the great weight of the suspended structure compared with 
that of passing loads, as well as the triangular trussing in- 
troduced between the two roadways; and partly also to 
the ingenious arrangement of the main chains, which are 
towards the centre of the span brought within the vertical 
plane passing through the points of support on the towers, 
and the consequent inclined direction of the suspenders. 
Stays, from different points of the bank, are also attached to 
the roadway, both above and below the floor line. And 
again, underneath each rail of the railroad very deep girders 
of timber are placed, which spread the local weight over a 
great length of the structure. — (" Papers, &c., on Public 
Works, British and American :" John Weale. 1856.) 

This perfectly successful bridge proves practically that 
there is no inherent defect in the suspension principle, render- 
ing it inapplicable to railway viaducts. For the opinions 
of eminent English engineers on the difficulty of using suspen- 
sion bridges for railway traffic, consult E. Clark on the " Bri- 
tannia Bridge," vol. i. pp. 38-41, 47, and 51. It is not 
improbable, however, that some modification of this mode of 
spanning very wide openings may be yet adopted in these 
countries, and made sufficiently rigid for railway trains, the 
great economy it offers by having so much of the material in 
tension being a strong inducement. The relative advantages 
of wire rope and plate-bars are given in Drewry on '* Suspen- 
sion Bridges," Section vl. p. 150. 

69. Wrought iron is, in the progress of the constructive 
arts, continually superseding other materials, and as, in many 
of these applications, it would not be possible to classify them 
under the Practical Examples either of resistance to Direct 
Tension, Direct Compression, Transverse Strain, or Torsion, 
it may be instructive here to notice a few of them. 
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The framing of marine steam-engines has been latterly in 
a great degree constructed of wrought iron, and this, with 
other improvements in the boilers and engines, has enabled 
manufacturers to reduce the total weight, so that now the 
machinery weighs but 1 1 cwt. per horse-power, whereas for- 
merly one ton per H. P. was the usual weight. This 
enables them to place much more powerful engines in vessels 
intended for speed and passenger traffic, the diagonal bracing 
of the hull by* wrought-iron bars giving it strength sufficient 
to carry engines of immense power; and, on the other hand» 
if speed be not the object, we obtain from the lighter engines 
of the same power greater capacity for either cargo or coals. 

70. The introduction of wrought-iron tanks into the navy 
and merchant service has in many ships doubled, and in all 
very greatly increased, the quantity of water which can be 
carried to sea ; while the quality has been also improved in a 
very high degree. The following statement shows, in a rough 
way, the gain of stowage. 

The cask called a butt occupies about 35 cubic feet of 
space in a ship's hold ; and this space, if it were entirely filled 
with water, would contain 217 gallons. A butt, however, 
actually holds only 108 gallons ; so that one-half of the space 
is lost by the thickness and form of the cask, which is the 
worst possible for stowage so far as room is concerned. An 
iron tank, of the kind chiefly used at present by ships of war, 
is called a four-feet cube, though it measures an inch more in 
its external dimensions, and occupies 68 cubic feet of space. 
This area, if entirely filled with water, would contain 424 
gallons ; but it actually holds 400, which is only 24 gallons 
less than the whole space occupied by the tank could possibly 
contain. In other words, by using casks, eighUseventemths^ 
47 per cent., or nearly a half of the stowage-room, is lost ; 
whilst by using tanks, only one-seventeenth^ which is about 
6 per cent., is lost. 

A further increase in the stowage of water is gained by 
having smaller iron tanks, made either of a wedge or of a flat 
form, to suit the curve of the ship's hold, or to enter spaces 
too low to receive cubical tanks ; of these there are twelve 
different sizes. A s an example of the benefit of using wrought- 
iron tanks instead of casks at sea : — a 74-gun ship, when 
fitted with casks, stowed 47,624 gallons of water, or 212^ 
tons. But when iron tanks were substituted, she stowed 
88,232 gallons, or 394 tons, or about |ths more water. If 

H 
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we suppose her crew to number 600 men, at the full allow- 
ance 01 a gallon of water each per day, she could onljr remain 
at sea 80 days, or not quite three months, if it were kept in 
casks, but if the water were stowed in iron tanks, she miglit, 
with the same allowance, remain out 147 days, or very neariy 
Jive months. 

This material is also now sometimes used in lieu of cast 
iron for pipes in shafts of mines, and obviates the liability to 
fracture of cast iron, and may be of much less weight, witii 
great facilities of fixing and connecting. 

All these applications mentioned in this section may be 
referred to the power of joining by riveting, and shaping the 
several parts to be connected, which wrought iron possesses, 
due to its ductility and toughness. To which properties we 
owe its adaptation to iron ship-building, one of the most im- 
portant of its modem ^plications ; but in this either the 
builders, the regulations of the Board of Trade, or Lloyd's, 
are greatly in fault, by following out in wrought iron the me- 
thod of construction adopted in timber vessels. We shall, 
under the head of Direct Cohesion of Timber, find that 
though it has a very high tensile resistance in the direction of 
the fibre, its lateral resistance is very small, being in fir bat 
one-twentieth of the former ; hence the necessity of ribs to 
hold the planking together laterally, and keel and keelson on 
which to set up the ribs ; but wrought iron is, as shown in 
§ 31, nearly equally strong in everv direction, a quality that 
should supersede the necessity of nbs and keel, which add so 
materially to the cost, without any corresponding advantage. 
The constructors of the Great Eastern steam-ship seem to 
have avoided these errors, in omitting both ribs and keel. 

The large water-wheels for mill-power, constructed of 
wrought iron, in lieu of timber, may be mentioned as very 
important applications. 

71. The specific gravity of wrought iron is about 7.6, 
which gives 475 lbs. per cubic foot; it is, therefore, very 
nearly equal to that of cast iron, which has been ^ven, in 
§ II, p. 7, at 7.207, or approximately, 7.25, — wrought iron 
being thus about one-twentieth, or 5 per cent, heavier than 
cast. 

Hence, a bar, i square inch in section, and i foot in 
length, weighs 3.3 lbs., and therefore i yard long of same sec- 
tion weighs 10 lbs., q. p. As the rails used on railways, and 
angle-irons, are, as to their weight, always spoken of at so 
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many pounds per yard, we can hence, from kiiowmg the 
weight, always at once determine the area of the section, and 
vice versd. Thus a rail weighing 90 lbs. per yard has 9 square 
inches of section; 75 lbs., 7 J square inches; 36 lbs., 3.6 square 
inches. Another convenient rule for the weight of plates is 
for every Jth of an inch of thickness the weight is 5 lbs. per 
square foot. This is, of course, identical with the former, for 
a square foot, i inch thick, consists of i a bars, i foot long, 
with a transverse section of i square inch ; hence, the weight 
is 12 X J. 3 = 39.6 lbs., q,p. 40 lbs. per square foot, the eighth 
part being 5 lbs. A cubic foot of wrought iron weighs 
480 lbs., when estimated at 10 lbs. per yard for the inch square 
section.* 



DIEECT BESISTANCE OF TIMBER TO TENSILE FORCES. 

72. Ttmber. — The direct resistance of Fir Timber to a tensile 
force is about 5^ tons per square inch in carefully selected 
specimens. 

On this important material, so extensively used in con- 
struction, we have recorded the results of very numerous 
experiments, both on the Continent and in England ; but it 
is to Barlow that we owe the most correct and consistent re- 
sults. The peculiar character of timber requires, in the spe- 
cimen under trial, and in the apparatus itself — as in cast and 
wrought iron — a special form and adaptation, in order to avoid 
erroneous results. In this Mr. Barlow has shown great skill. 
Until his experiments were undertaken, the form of the piece 
under trial seems to have been a long strip of a square trans- 
verse section, without any special contrivance to insure the 
coincidence of the line of direction of the external tensile force 
with the axis of the specimen under trial, a circumstance as 
important in experiments on timber as in any other material. 

The form adopted by Mr. Barlow for the pieces under 
trial is shown in the woodcut in isometrical projection. A 
bar, 12 inches long, and i^ inch square, is turned down in the 
lathe for a length of 5 inches to a cylinder fths of an inch 
in diameter, leaving 3^ inches at each end of the original 
rectangular form, and having very true shoulders in planes 
perpendicular to the axis 01 the cylindrical portion, to the 
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lower of which surfaces the tenaile force is applied; and on 
the upper the reacting support, by means of the apparatus 
shown in Figs. 12, &c., drawn from 
' thatinthe model-room of this School, 
and which has been, to a great degree, 
constructed from the drawings given 
in Mr. Barlow's work. The middle 
part of this cylinder was reduced to a 
lesser concentric cylinder, about one- 
third or one-fourth of an incli in dia- 
meter, and is, therefore, the part at 
' which the separation of the fibres must 
take place when the tensile force is 
applied. 

73. Fig. 12 represents, in isome- 
i trical projection, the double wrought- 
; iron beam, outhecentralcircularnused 
surface of which, aa, reat« the upper 
shoulder of the specimen, the cylindri- 
cal portion passing down through the 
opening, b, which is drilled of the same 
diameter as it; this is exhibited in 
Fig. 13, in which one-half of the dou- 
' ble beam, with the connecting screw- 
bolts, is removed. The surfaces in 
which the parts of the double beam 
' are in contact were truly planed and 
fitted, and the top and bottom edges, 
with the central raised portion of the 
top, were planed square to them ; also 
the central orifice was drilled perpendicular to the plane of the 
upper edge of the double beam; when, therefore, it was set 
horizontal by a spirit level placed on the top surface, the 
round orifice, and consequently the specimen piece of wood it 
contained, were accurately vertical, and the shoulder rested 
solidly upon the central and now horizontal part of the top. 

The mode in which the weight was applied is now easily 
understood. A cast-iron box, Fig. 14, in two symmetrical 
portions, which had each a semicircular orifice at the top, and 
a rectangular recess within, whose upper and inner surface 
was made truly perpendicular to the axis of its cylindri-' 
cal orifice — accurately fitting, the former the larger part of 
the cylbder, and the latter the square part of the head of the 
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piece to be experimented upon. The surfaces of contact were 
planed, and dowel-pins upon one-half fitted into correspond- 
ing holes in the other, so as to insure the perfect junction of 
the two parts, which, when closed upon the specimen, closely 
fitted the cylinder, and bore evenly upon the lower shoulder 
of the piece of timber, just as in the double beam of wrought 
iron mentioned above. To bind the two parts together, 
square bolts were passed through holes of the same size, and 
a split key, of wedge form, driven through a slot in the bolt, 
tightened all up, and the split being opened, it was thus se- 
cured from becoming loose. The only further arrangement 
needed is, that the shackle-bolt of the scale-pan carrying the 
weights be fixed in the central line. For this, a loop of iron 
is attached to the lower end of each part of the cast-iron box, 
so that they meet in this line, and at the same level. The 
pin-bolt of the shackle being passed through these loops, and 
the scale-pan being prevented from torsion or vibration by 
guides at the lower angles, all the requisites for a good expe- 
riment have been secured, and the direction of the tensile 
force must necessarily pass through the axis of the specimen. 

74. The ultimate resistance of Fir Timber to a direct tensile 
force is cAout 5-^ tons per square inch. 

Experimental Proofs. 

Table exhibiting the result of Eocperimenis given by Mr. Bar- 
low on this material. 





1 


2 


3 


4 


6 


Specific 
Gravity. 


Anyiin Weight 


Weight per 
sq. inch. 

11)8. 


Direct Cohesion. 

Average 
per square Inch. 


I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

VIII. 

IX. 

X. 

XT. 

XTT. 


600 

564 

601 

611 
590 


0.088 
0.096 
0.096 
0.088 
0.098 
0.088 
0.096 
0.096 
0.096 
0.096 
0.096 
0.096 


1 140 
1260 
II9I 
I160 
I213 
I 180 
1059 
I20I 
1094 
II3O 
1076 
III2 


12933 

13073 
12037 

13220 

12371 

13448 
IIOOO 

12472 
1 1 360 

II736 

1 1 180 

1 1548 


Ihs. 
► 12857 

1 1 549 
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Adding the two nMaiu given in column 5, and dividing by 
2240, we have* as above^ 5*42 tons. 

The first six experiments were made upon pieces, all cut 
from one plank, remarkably free from knots and irregularities, 
giving very high and uniform results. No. vii. broke by a 
part of the fibres drawing out of the head of the piece. No. ix. 
broke by the whole of the middle central cylinder drawing out 
of the head, to the length of about 2 inches, where there was a 
knot, which might break ofi* the continuity of the fibres : this 
circumstance suggested to Mr. Barlow the experiments on 
lateral resistance given in § 77. In order to determine 
very exactly the area of the suiall central cylinder, a fine silk 
thread was wound round it ten times, and dividing this length 
by ten (or the number of volutions^, the mean circumference 
was determined ; and hence the diameter and area of trans- 
Terse section were calculated. 

75. The following Table gives the result of experiments 
on other descriptions of timber, showing their power of ulti- 
mate resistance, in pounds and tons per square inch, to a ten- 
sile force, and placed in the order of their strength. The 
numbers are means derived from many experiments, and the 
nearest round numbers. 





llM. 


Tana. 


Box, in round numberB, about 


20,000 


9.0 


Ash, ,f f, 


17,000 


7.6 


leaky 9> 99 


15,000 


6.7 


Fir, „ „ 


12,000 


5-5 


J3CCCUy ff y y 


11,500 


5.0 


Oaky ,, ff 


10,000 


4-5 


resi, ,, ,, 


9,800 


4-4 


Mahogany, „ „ 


8,000 


3.6 



That fir timber should have so much higher a place in the 
Table than oak or mahogany would not at first have been ex- 
pected ; but it is probable that their fibres are not so straight 
and free from twist as they are in fir timber. 

76. Fir timber, and the other descriptions of wood also, 
are generally used in construction, either as pillars, struts, 
&c., or horizontal beams ; but in some few cases we find its 
direct tensile resistance made use of in engineering construc- 
tion, as in the pit-work of pumping-engines for unwatering 
mines ; and here, as in other applications of timber, the resd 
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difficulty ia in the uniting the several portions together. These 
pump-rods are generally lo inches square, and maybe from 
40 to 50 feet in length, halved together at the joint, ae shown 
in Fi?. 15, in ieometrical projection, wrought>-iron stn^ts 
being laid on each oi'the four sides, extending equally above 
and below the joint ; screw-bolts are passed through each of 
the opposite straps and the timber-rod, the holes in one pair 
of straps being arranged so as to alternate with those of the 
other pair. This combination may fail in one of three ways : 
either the timber-rod may be torn asunder; or the wrought- 
iron straps may fail about the joint, at a section through the 
bolt-holes of the straps ; or, finally, the two tirst-oamed sec- 
tions of the wood and the iron remaining uninjured, the fiiilure 
may take place by the screw-bolts drawing out the pieces of 
timber before them, the lateral resistance of the fibres being 
insufficient to sustain the tensile force produced by the 
working resistance of the pumping. This last may be more 
clearly understood by Fig. 16, which shows in isometrical 
projection a single pair of stri^ connecting a but- 
joint, which has failed by drawing out the piece of 
timber before the lowermost bolt, the lateral resis- 
tance of the fibres being overcome along the two 
surfaces, a, b, c, d, and d, b', c, d. 

It is necessary, therefore, to determine experi- 
mentally the value of this lateral resistance, which 
manifestly affects the strength of this material in 
combination, and is, therefore, as important as the 
transverse resistance of the fibres, and bears some 
analogy to the shearing resistance of wrought iron, 
which in like manner became an indispensable 
datum when its strength in comtHnation became 
necessary to be determined. 

77. The same apparatus and form of specimen 
is adapted, with slight modification, to determine 
the lateral resistance of the fibres of timber, and 
was suggested to Mr. Barlow by some of the 
pieces, under trial for the transverse resisting 
power of the fibre, yielding, by drawing out either 
wholly or in part from the head of the piece, in- 
stead of breakingacrosa. The head of a specimen 
was bored down, as shown in the woodcut (which 
is a va:tical section through the centre line), until ^ length of 
only 1.625 itidiea was leu between the bottom of this hole 
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and the central small cylinder. The several pieces were then 
placed vertically in the machine above described, § 73* and 
the weights laid on until the smaller cylinder was drawn out. 
The following Table (which is derived from experiments by 
Mr. Barlow) shows the amount of lateral adhesion of the fibres 
in fir timber in pounds per square inch, and gives the relation 
between it and the direct cohesion of the fibre itself, pointing 
out the proper length of the straps of wrought iron on each 
side of the joint, so that the lateral resistance of the surfaces 
of the parts liable to be drawn out by the through screw-bolts 
may not be less than that of ^ther the direct cohesion of the 
pump-rods, or the direct cohesion of the wrought-iron straps, 
and that thus all three may be on the point of yielding simul- 
taneously. 



78. Table showing the Lateral Cohesion o/Fir Timber, 





1 


2 


3 


4 


5 


Length 
drawn out 

• 


Circnm- 
ferenoe. 


Weight 

put on in 

lbs. 


Weight 

reduced to 

one inch 

of 
surface. 


M an value 

of lateral 

cohesion on 

one inch of 

surface. 


I. 
II. 

III. 

IV. 

V. 

VI. 


1.625 
1.625 
1.625 

I-37S 
1.500 

1.500 


I.IO 


996 
I187 
III7 
1066 
1000 
1000 


556 
621 

584 

634 
578 

S78 


lbs. 

>592 



79. Hence it appears that the lateral resistance is but one- 
twentieth part of the direct cohesive resistance of the fibres to 
a tensile force, and, therefore, the area of the portions liable to 
be drawn out should be twenty times greater than the trans- 
verse area of the pump-rod, working vertically, in order that 
it may be as efficient as the transverse section, and not yield 
before it. As an example, let us suppose the pump-rod 10 
* inches square, and having, therefore, 100 square inches in its 
transverse section, from which (if the through screw-bolts be 
I inch in diameter) we must deauct 10 square inches, giving 
the weakest transverse section at 90 square inches : the extreme 
bolts of the iron straps connecting the several rods must extend 
on each side of the joint so far from it, that, if they draw out the 



TENSILE STRENGTH OF TIMBER. 57 

pieces before them, as in Fig. i6, the two equal surfaces so 
separated must, for equal resisting power, be of a total area 
of 1 800 square inches, or twenty times the effective transverse 
area of the rod (20 x 90 square inches) ; each surface therefore 
should be 900 square inches, and as the breadth is 10 inches, 
the length must be 90 inches, so that the strap should have a 
length of about 8 feet on each side both above and below the 
joint. 

The effective transverse area of the iron straps, at the bolt- 
holes nearest the joint, must be rather more than one-fourth 
that of the timber rods they unite, that is, inversely as the ul- 
timate resisting power of each material to a tensile force ; these 
straps decrease in thickness towards the end, as in Fig. 18. 

To resist the shearing of the bolts, their number must be 
such as to give a transverse area equal to that of the straps. 
In actual practice there are straps on each face of the rod, but 
for simplicity of illustration it has been supposed above that 
one pair only is applied. 

80. The model of the Cornish Pumping Engine in the 
Museum of this School has been constructed at the scale 
of Y*^. Figs. 17, 18 represent a portion of the pit- work. 
The main rod — ^which is composed of balks of the best Me- 
mel timber, perfectly sound and straight, and without knots 
or faults, such as are used for the masts of vessels, and as 
great in length as they can be obtained — is 14 inches square 
in the upper, decreasing to 12 in the lower part of the 
shaft. The upper iron straps are 18 feet long, 7 inches 
broad, and about i| inches thick at the joint, tapering down 
to about I inch at the end, having 1 7 through bolts which are a 
little more than i foot apart ; the alternate straps on the other 
faces are set on the main rod lower than the former by half 
the interval between the bolts: those in the lower part of the 
shaft are 16 feet 10 inches long, with straps about 6 inches 
wide by i f inch thick. As the several lengths of rods are halved 
into each other, the joint rr on the face does not occur at the 
middle of the strap. 

81. The transverse section of the main rod, where 14 
inches in the side, is 196 square inches, and 144 at the part 
12 inches square; if the through bolts for each pair of straps 
be i^ inches in diameter, we must deduct from the section of 
196 square inches 40 square inches, leaving 156 as the effec- 
tive section. The first-mentioned straps, § 80, have an effective 
transverse area of 38^ square inches at the line through the 

I 
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bolt-bole nearest tbe joint (having made in tbe iron etrapa the 
corresponding deduction for tbe bolt^boles tbat was made in 
tbe timber), or at tbe weakest section. Tbis is very nearly 
one-fourtb of tbe timber main rod, wbicb proportion corre- 
sponds to tbe relative ultimate tensile strength of the two 
materials, namely^ 20 and 5^ tons per square incb respec- 
tively. 

Tbe resistance of tbe bolts to shearing is no less amply 
provided for, as on either side of the Joint there are, for each 
pair of the iron straps, 8 bolts 1^ inch diameter, resisting at 
two surfaces each: we have (32 x 1.5* x 0.7854 *) 56.5c 
square inches; and the shearing resistance per square inch 
being equal, 9. p., to tbe direct tensile, § 41, we should have the 
sum of tbe transverse areas of tbe four straps about equal to 
those of the bolts taken at two shears each. 

Tbe effective section of tbe main rod being 1 56 square 
inches, gives an ultimate tensile resistance of 858 tons^ and 
that of the straps, estimated at 38^ square inches, gives 770 
tons: tbis is nearly 20 times greater than the actual average 
tension of tbe largest engines on the main rod in some of the 
deepest mines, wbicb tension is required to be but a little 
more than the weight of tbe ascending column of water. 

82. It is well here to state — though the pupils of tbis 
School study the action of this form of engine in tbe large 
model in the Museum — ^that in tbe Cornish pumping engine 
the principal part of the work is done by tbe descending stroke 
of the pump rods. When they are raised, the lowermost 
pump alone makes its lift, as it is found advantageous to have 
it an ordinary lifting or sucking pump ; while m tbe others, 
wbicb are forcing pumps, the water is merely drawn in under 
tbe plungers ; but on the descent of the rods, all tbe lifts ex- 
cept the lowest raise their water by the action of these plungers 
in descending, and, by a due arrangement of valves, forcing this 
volume of water up the ascending pipes. The power bv which 
this descent is effected is the weight of the rods, which in a 
deep shaft is very considerable ; and it is therefore this weight, 
or at least a portion of it, which actually raises the water. 

The raising of tbe rods is effected by the action of the 
steam pressing down the piston of the engine, and when this 
stroke is concluded, and the steam pressure removed, the 
rods acting by their weight depress the plungers, elevating 
the water by their descent, and are in the succeeding stroke 
again raised by the steam in its turn. 
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Thus the power of the elastic force of the steam is not 
immediately applied to rabe the water, but lifts a dead weight, 
which on the return stroke becomes the moving power. 
This arrangement, necessarily arising from the use of the 
plunger pump, is peculiar to the Cornish system of pit- 
work. 

The pump rods generaUy furnish more weight than is suf- 
ficient to overcome the pressure of the column of water in the 
ascension pipes, and the surplus is usually counterbalanced 
by weights attached to one end of levers or ^^ balance bobs" 
placed at the surface of the ground, or in horizontal excava- 
tions in the shaft, the other end being connected to the main 
rod. 

83. For example, in Davey's engine at the Consolidated 
Mines, the main rod is one-third of a mile in length (1760 ft.), 
and weighs 9$ tons. The other rods weigh 40 tons, those, 
namely, parallel to the main rod, and strapped to it, that work 
the plunger poles and the lifting pumps at the bottom ; total, 
135 tons. But as the column of water in the vertical pipes 
weighs but 39 tons, only that weight, or a little more than it, 
is therefore required to raise the water ; the remaining 96 are 
balanced by counter-weights, of which there are different 
kinds, namely, the ^^ balance bobs" mentioned above, and the 
hydraulic balance. 

The main rod has therefore in its descent, when forcing 
down the plungers, to resist a compression equal to the un- 
balanced pit-work, and for this duty it requires strength and 
dimensions sufficient to resist, as a pillar, its tendency to 
bend from the true vertical direction, the iron straps have in like 
manner to unite the several lengths of the timber pump rods 
with sufficient strength to obviate any tendency at the joints 
to deviate laterally, under this compression, from the true direc- 
tion. This duty requires considerable strength in all the 
parts, perhaps even more than the former, that is, the ascend- 
mg stroke. 

The distribution of the wrought iron in the side straps, ta- 
pering from the greatest thickness in the centre less and less 
towards the end, is very judicious, whether we regard it as re- 
sisting tension in the ascent of the main rod, or as opposing the 
tendency to bend out of the true line in the compression of the 
descending stroke ; in the former, it is evident that each suc- 
cessive bolt from the joint towards the end of the strap relieves 
all the remainder from a portion of the total burthen, thus ad- 
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mitting of a continually decreasing transverse section, and in 
the latter case, in resisting bendinff, the strongest section is 
no less reouired at the joint where the timbers are halved to- 
ffether. The main rod is of course guided in a true vertical 
linei in its up and down stroke, by pieces of timber firmly 
fixed in the shaft, and placed at sufficiently near intervals to 
resist the tendency to flexure by shortening the distances 
within which it may begin to develop itself. 

84. The mineral solutions in the water of nearly all mines 
rapidly corrode whatever iron-work is placed in the shafts, 
and renders prudent a very large excess of strength in the 
iron straps ; and again, the very irregular action that takes 
place at times in the working of the reciprocating machinery 
of the pump-work, compared with anything that occurs in 
uniformly rotating endues employed in manufactories, compels 
the use of a greater surplus strength, {>erhap8 in this, than any j 
other department of mechanical engineenng. One among > 
many accidents that may occur is the plunger, in its ascent, f 
drawing air : at any one lift where this may take place, that 
plunger in its descent meets with no resistance, instead of 
having that of the pressure of the column of water in the lift 
above it to overcome. 

85. And also the peculiar action of the Cornish pumping 
engine, which is both high pressure and condensing, requires 

freat strength in the pit-work. The steam is admitted at a , 

igh pressure, above the piston, and after a short part of the 
stroke, from ^th to a half, is passed over, it is cut off, and 
that within the cylinder expands for the remainder of the j 

stroke, and consequently continually diminishes in its elastic 
force. 

Thus, suppose the cylinder to be 100 inches in diame- 
ter, the piston has, therefore, an area of 7854 square inches, 
and if the steam pressure be 20 lbs. per square inch, the total 
force depressing the piston amounts to 1 57,080 lbs., or 70 tons. 
If the stroke be jo feet, and the expansion commence at ^th, 
this pressure will continue for i foot 3 inches; the pumps and 
pit-work being at opposite ends of the main beam, the de- 
scent of the piston elevates them, and if the beam had equal 
length of arms, the higher lengths of the rods would, for the 
first 1 5 inches of the ascent, have to resist a tensile force of 
70 tons, and for the rest of the stroke continually less and 
less. On the introduction of this form, in lieu of Boulton and 
Watt's double-acting en^ne, the pit-work frequently gaveway. 
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and not until superior accuracy of construction and greater 
strength were adopted, did the full value of the improved en- 
gine become manifest. 

86. Had the pump rods to be constructed and proportioned 
for tensile resistance only, a much less dimension would have 
sufficed, as we may see in Fig. 17, for the rod m, attached by 
the straps n to the main rod, is but 6 inches by 14 ; its duty 
is to connect the balance lever and the main rod. These 
" balance bobs" are adjusted to take oflF from the pitrwork all 
the weight over and above the pressure of the column of 
water to be raised, and act always, both in the up and in the 
down stroke, in resistance to tension only. Each length of 
timber in the main rods is about 45 feet, this being the greatest 
average length to which the balks, as imported, run. 

87. Some mining engineers make the iron strap yet wider, 
and place the bolts, as in Fig. 19, not in the same vertical 
line, which has evident advantages as giving greater resist- 
ance to any bending of the main rod at the joint in the plane 
of the strap, and also by engaging the lateral resistance of 
new lines of fibres of the timber. 

88. We find in Simms' work on " Practical Tunnelling," 
pages 53 to 58, a description of an interesting and instructive 
appGcation of timber under tensile resistance in supporting the 
brick- work of permanent and ventilating shafts, during the 
time in which that length of the tunnel, which is situated im- 
mediately underneath, is being built in and prepared for re- 
ceiving the shaft permanently on the crown of the arch. 

The brick-work of a shaft, 9 feet in diameter, forms a 
cylinder of great weight, as it contains 3 tons 7 cwt. to every 
yard in depth, and the friction of its outer circumference 
against the earth is not sufficient to resist its tendency to slide 
down, when the ground is removed from under it to construct 
the tunnel. 

The shafts may be secured until they can be permanently 
united to the tunnel, either by supporting them below, or 
suspending them from above. The latter was adopted at 
Saltwood Tunnel, on account of the wet and porous sandy 
ground through which it was driven. 

It is usual to make the hanging rods of iron, but the only 
available material at hand was larch timber. Fig. 20 shows a 
side view and front view of the hanmngs, and the method of 
joining or scarfing the pieces together to obtain the proper 
length. It is stated that in most of the shafts the larch rods 
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stood the tensile force without exhibiting any apparent defici- 
ency of strength ; in one «r two they appeared weak for the 
work ; and in one case they broke, or rather tore away at the 
scarfing, but having shown previous indications of so doing, 
any casualty was stopped by timely propping. 

89. The direct cohesion of larch timber, or the weight 
that one square inch would bear without being torn asunder, 
was taken at 9560 lbs. (» 4.27 tons), and as the section of each 
of the hanging rods was 9" x d'' «> 54 square inches, these multi- 
plied together give 5 16,240 lbs. » 230 tons, as the weight that 
would tear each rod asunder, and 460 tons for both. 

The greatest wdght of any shaft carried by both rods 
was 67 tons ; the rods were then 6.8, or nearly 7 times 
stronger than their greatest load, that is, if the joint were as 
strong as the transverse section. This it does not seem to be, 
as the single pair of iron straps, 3 inches wide by i^ thick, 
are but 5 feet 4 inches long by scale ; if we suppose the ex- 
treme bolts placed 2 feet 6 inches from the middle of the 
joint, we cannot have more than 1.25 square feet of suriace on 
either side, resisting laterallv being drawn out. The mode of 
halving shown in the side view, in which a key is driven in be- 
tween the internal surfaces carved out of the solid wood of 
the end, gives nearly ^rd of a square foot ; both amount to 
about 200 square inches, and, therefore, the sum of both rods, 
400, equivalent to 20 square inches of transverse section ap- 
plied in a direct resistance to a tensile force, as firom §§ 78, 79, 
we find the lateral but the twentieth part of the longitudinal 
resistance. The joint is thus far weaker than the rod, the to- 
tal resistance for the joints of both rods being only 85^ tons, 
but a little more than once and a fourth greater than 67 tons, 
the maximum load. Had the rods been square, 7-35' ^ ^^^ 
side giving 54 square inches, instead of rectangular, 9" x 6", 
thus admitting of a pair of straps on the opposite faces, and if 
about 5 feet long on each side of the joint, we should have 
had it nearly as strong as the rod. 

If iron had been used, four rods would have been employed, 
and if they had been constructed four times stronger than their 
greatest strain, each would have broken with 67 tons. At an 
ultimate tensile resistance of 20 tons to the square inch, the 
transverse area must have been 3.35 square inches; as a square 
rod the side would therefore be 1.83 inches, or i|ths inch 
nearly; as a round rod the diameter would be 2.065 inches, or 
2 inches and iV^h. 
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90. The top of the larch rods was well arranged: cleats 
were fastened on each face, forming underneath four shoulders 
resting on cross-pieces, supported by sills laid on the surface 
of the ground. The same arrangement below, the cleats being 
reversed, supports a strong frame on which the brick cylinder 
rested; in addition, the rod is carried down sufficiently to 
give support to a pair of struts which uphold the ends of a 
cross-tree, from the outer points of which short pieces de- 
pended, and thus afforded four points of support to the lower 
frame. 

9 1 . The king-post. Fig. 2 1 , of the principal frame of a tim- 
ber roof is acting against a tensile force, in holding up the tie 
beam at the centre. The queen-posts, Fig. 22, act in like 
manner, in a principal of that construction. Astrap of wrought- 
iron, in both cases alike, passes under the tie beam, and is 
adjusted and tightened by an iron key and cotter passing 
through slots in the straps; a tenon is sometimes given to 
steady it in the tie beam. 

The part within the dotted line is carved away to give abase 
for the rafter at the upper part and the strut below. The king- 
post of timber is now very frequently superseded by a wrought- 
iron bolt passing through a casting at top — shaped so as to 
receive the sloping rafters — ^and below, at the under surface 
of the tie beam, screwed against a washer plate. A cast- 
iron block, with a hole for the bolt, is placed on the top of the 
tie-beam to receive the ends of the strut. A wrought-iron 
bolt cannot be substituted for timber in any structure, unless 
that piece had been in tension. The tie-beam itself can be 
replaced by a wrought-iron bar, as is shown in the roof of 
the wharf-sheds at Liverpool, the foot of the principal raft;er 
being now secured by a casting. 

92. It is evident that the knowledge of the small lateral co- 
hesion of the fibres of timber has influenced the practice of car- 
penters in theframingofthe king-post and queen-post principals, 
as we observe the tie-beam always left much longer than the 
foot of the principal rafter; otherwise the tenon cut at the end* 
of it would drive out the piece between the mortice and the 
end of the tie-beam ; this additional length, however, is made 
use of to carry the pole-plate, which bears up the foot of each 
small rafter ; and so also the top of the king-post is carried up 
as far as can be, and the upper part of it made use of to support 
the ridge-piece, and hold it in a vertical position ; thus the pres- 
sure of the upper shoulder of the principal rafter, resolved ver- 
tically in the direction of the king-post, cannot force up the 
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piece above it, from its length; — ^the lower part of the king- 

fost, forming an abutment for the struts, has like precautions, 
n the queen-post roof, though the upper ends of the queen- 
posts do not carry any ridge-piece, they are continued as far 
as the roof will allow. In some cases an iron strap, as at Fig. 
21, takes off the pressure of the rafler which is resolved 
horizontally in the direction of the tie-beam. 

These examples, to which the student with a cultivated 
power of observation can easily add, point out not only the 
great value of timber in construction, but the limits also to its 
utility from its weakness in the lateral cohesion of the fibres: 
this it is, evidently, that renders it so difficult to join together 
any two successive pieces in a structure or frame when re- 
sisting a tensile force. In § 70 the great superiority of the 
wrought-iron plate for ship-building is pointed out as depend- 
ing, with other valuable qualities also, on its strength being 
equal in every direction, — the motion of the ship in rough 
weather requiring this peculiarity of the structure, that every 
part be prepared to resist equally in every direction. In tim- 
ber vessels, the ribs at right angles to the longitudinal external 
planking and internal ceiling secure this object, which other- 
wise would depend on the lateral strength only of these last. 
An internal diagonal double-sheeting, crossed in opposite direc- 
tions, in lieu of ribs, and effecting the same object, is now 
sometimes emploved. 

The valueoftunber in construction must rest upon its facility 
of conversion into any required form by cutting away, as in 
the king-post of a roof frame, the superfluous parts, either from 
the balk, as imported from America and the Baltic, which is 
seldom larger than 13 inches square, and from 40 to 60 feet 
long, or from lesser rectangular pieces sawn out from this, thus 
shaping out the form as designed. 

It is evidently the lateral cohesion of the wood that ^ves 
strength to the common method of junction of pieces at right 
angles to each other, called dovetailing, and to some forms of 
'scarfing and halving balks of timber, Fig. 23. 

93. Carpenters, in framing together the ends of pieces of 
timber at right angles to each other, are well aware of its 
small lateral resistance, and leave the end of the piece that has 
the mortice much too long at the first, that the wedging up 
of the tenon may not drive out a part at the end, as ex- 
plained in Fig. 24, — the dotted line showing the part to be 
sawn off when the frame is put together; and in window-sashes 
the same precaution is taken, the piece being carved and left 



TENSILE STRENGTH OF TIMBER. 65 

pennanently. It is in vain, by complicated carving, such as 
may be seen in some old but now little used forms of halving 
and scarfing, to attempt to make any compound beam as strong 
in the joint as in the solid timber. Wrought-iron straps of 
suitable form and dimensions must receive and transmit the 
strains from one piece to another. 

94. The weight of well-seasoned fir timber is about 3 1 J lbs. 
per cubic foot, nearly the exact half that of water : and as 
wrought-iron is 475 lbs. per cubic foot, the ratio of their relative 
weights is I to 1 5 .2. The ratio of their relative tensile strengths 
may be expressed nearly as i to 5. 

Cast iron being about 450 lbs. per cubic foot, the ratio of 
the relative weights is i to 14.49 and that of the relative 
strengths is i to 1.273. 

Hence we may express the relation of weight and strength 
in each of these three different bodies by one term or mo- 
dulus, namely, the length of a rod of each of the same trans- 
verse section, which, being suspended vertically, will by its 
own weight overcome the tensile resistance at the point of 
support. 

Let us suppose the transverse section for each to be one 
square inch : and first, in the case of fir timber, that it yields 
with 5^ tons, or in round numbers 1 2,000 lbs., per square inch, 
we have, therefore, 559296 feet as the length of a uniform bar 
of this material ; which, being suspended vertically, would 
tear asunder at the highest point. 

In wrought-iron, the weight being taken at 10 lbs. per 
yard, we obtain in like manner 16,800 feet. 

With cast iron, again, wehave the weight 45olbs. per cubic 
foot, and the tensile resistance 7 tons, or 1 5,680 lbs., per square 
inch ; hence the length is 501 8 feet. 

Thus the relative numbers which combine the comparison 
of the weight and tensile strength of these three bodies are — 

Fir timber, 55,296; Wrought-iron, 16,800; Cast-iron, 5018. 

A rod of fir 169800 ft.longwould yet sustain, in addition to its 
own weight, a further charge of more than 8000 lbs. A wrought- 
iron bar, at that length, would tear asunder by its own weight : 
so that structures of wrought iron would reach their limit of 
size sooner than the same, if made of timber, as far as the 
parts in tension are concerned. 

95. What are called bond timbers in brick buildings may 
be added as an instance of the use of timber in tension : they 

K 
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are the thickness of a course of bricks, and carried across the 
openings of windows, &c.; latterly, hoop iron has been applied 
in lieu of wood to the same purpose, — that of binding toge- 
ther the structure while the mortar is yet fresh. Indeed, bars 
of wrought iron might have been instanced under its ** Ap- 
plications/* as so used in large buildings of stone. Thus, the 
base of the dome of St. Paul's is bound round with several 
iron bars, keyed together in lengths, and of transverse dimen- 
sions, about 7 inches deep by i -^ broad. 



DIRECT RESISTAl^CE OF CAST IRON, MALLEABLE IRON, 
AND TIMBER, TO COMPRESSING FORCES. 

96. As in the experiments on the direct ultimate resistance of 
the fibres and particles of rigid bodies to tensile strains, we 
have found a force of cohesion opposing the separation of the 
parts, so now we find the same bodies resisting with energy all 
strains tending to compress the particles into closer union. 

In almost every substance the amount of the ultimate re- 
sistance to compression is far higher than that to tension, nearly 
six times greater. Malleable iron, and some kinds of timber, 
form marked exceptions ; in malleable iron it is even less, in 
a slight degree, than its tensile strength. No course of reason- 
ing could have led us a priori to the knowledge of these facts ; 
it IS by experiments alone that they are discovered, and after- 
wards brought to bear on the art of construction. 

The phenomena now met with are not, however, of that 
simple character we have hitherto observed under the head of 
resistance to tensile forces, in which it was found that the 
ultimate strength of any particular material depended (when 
the precautions mentioned in§§i4toi7 are complied with) on 
the area of the transverse section, and on that alone. On the 
contrary, the ultimate resistance to compression in each dif- 
ferent body depends in a very marked degree on the form and 
proportions of the specimens under trial, which circumstances 
had no influence whatever in the former species of resistance. 

97. To illustrate this, let us suppose two uniform straight 
bars of any material, lying on a horizontal surface, and, to fix the 
ideas, let us suppose them 5 feet long, and in section i inch 
square. If now a tensile force be applied to one, and a com- 
pressive force to the other ; the line of direction of the force in 
each being supposed coincident with the axis of the bar. It 
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will be found that the bar opposing tension will resist with the 
full power due to its transverse section. But with the latter, 
as the compressive force is gradually increased, we perceive 
that the bar bends out of the rectilinear direction in which it 
had previously been lying, and in which the force is acting, 
and this bending becomes greater and greater a« the applied 
force is increased, until finally it breaks across in a manner 
somewhat similar to what it would have done if under the ac- 
tion of a transverse force, and therefore, it only in a very small 
degree develops the resistance to compression of that material 
of which it is composed. Under the third head of transverse 
resistance it will be shown that a bar broken transversely 
must have one part of its cross section engaged in resistance 
to a tensile, and another part to a compressive force, reacting 
against the former, and so resisting less than if the whole area 
had been engaged in opposing the compressive force. 

Let each bar be now shortened by one-half, the section re- 
maining the same, and the force applied being as before. The 
tensile resistance depending, as it does, only on the transverse 
area, will be identical in both cases, but the resistance to com- 
pression, although the bar be found to bend as it did in the 
first instance when 5 feet long, and break in the same manner, 
will be far higher ; . and if these bars had been shortened again 
and again, we should have found the tensile resistance remain- 
ing constant, and the compressive continually augmenting: and, 
moreover, as the ratio of the length to the lateral dimension 
decreases, we find the appearance of bending gradually disap- 
pears altogether, and the crushing proper commences: the bars 
having passed through an intermediate state, in which they 
yielded partly by bending and partly by crushing : when the 
ratio of the height to the least lateral dimension is not less than 
30 to I, the pillar opposes the compressive force by its trans- 
verse strength alone ; from that ratio to about, 5 to i, it resists 
partly by its compressive and partly by its transverse strength ; 
when about from 5 or 3 to i , and under, the specimen yields only 
by being crushed. The manner in which this takes place 
varies with the different texture of the body, whether crystal- 
line, fibrous, or laminated. The series of experiments on the 
direct resistance of bodies to compression naturally divides 
itself, therefore, into two distinct heads : — 

98. I St. Experiments on the resistance of bodies which are 
so short, compared with their lateral dimensions, as to be 
crushed with httle or no flexure. 
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2nd. Those on the resistance of pillars long enough to 
break by flexure. 

99. Oast Iron— > The ultimate resistance of Cast Iron to a direct 
compressing force is cAout 42 tons per square inch^ and is 
proportional to the area of transverse section in action. 

The machine hj which Mr. Eaton Hodgkinson experi- 
mented is shown in isometrlcal projection in Fig. 25, and is in- 
geniously adapted to test the strength both of the short speci- 
mens and of Ions pillars. 

The lever ABC is the same as that described in Fig. 5 ; 
it is here held down, at the end C, by the top D of the screw 
DEF, through a perforation in the end of which the lever 
passes, and is acted upon by an arris immediately below the 
point D, the bottom of the screw, near to F, being screwed 
down firmly into a cast-iron frame G. This frame is affixed 
firmly to a large cast-iron box IH, which passes, at its lower 
end, below H into the ground, in which it is firmly supported, 
laterally by masonry, and vertically by pillars, one of which is 
represented by KL. These pillars are employed to counter- 
act the horizontal thrust in the direction B, caused by the 
weight laid on. The lever is prevented from acting in any 
other but a vertical position by means of the timbers, which 
are represented by MN. Between these vertical timbers the 
lever rises or falls without friction, and may be supported at 
any height by means of the wedges O, P. The lever, at a 
point below B, acts upon a cylindrical bolt, rounded at the 
top ; this bolt, passing through the neck I of the large cast- 
iron box IH. The bolt here mentioned is made to pass easily 
through the box at I, but without lateral play, the top being 
rounded, that its centre only may be acted on by the lever, 
which is kept as nearly horizontal as possible ; and to prevent 
the lever from being crushed at the point of pressure, a piece 
of steel, t, is attached to the bottom of the lever, and placed 
between it and the top of the bolt. The lower part of the 
bolt is made larger than the other parts, and turned flat and 
perpendicular to the axis, in order to press vertically upon a 
column placed under it. 

The box is formed so as to admit of shelves S, of great 
thickness, placed at different heights, so that columns of any 
length, up to 10 feet or 1 1 feet, may be made to rest upon the 
shelves, raised to their proper height, and be acted upon at 
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the top by the bolt passing through I, and pressed down by 
the lever. The shelves S, in all positions, whether higher or 
lower, are made (with great care) to be perfectly parallel ; 
they are parallel, too, to the flat bottom of the vertical bolt, 
passing through I, so that a column, whether long or short, 
may be crushed between these surfaces, which are necessarily 
parallel. The utmost care having been taken to make the 
crushing surfaces parallel, other precautions were used in 
making the experiments. As, for instance, to prevent irregu- 
lar action, from those surfaces being themselves crushed by 
the great weights employed, a small disk of hardened steel 
was placed under and over the specimen m. And, to prevent 
the specimen itself being injured in consequence of any una- 
voidable irregularity between it and the hard surface of the 
steel, a very thin sheet of lead, such as is used for lining tea- 
chests, was interposed between the ends of the specimen and 
the steel disks. This lead, filling up all interstices, acted well, 
and gave increased regularity to the results. 

100. The specimens were first turned and squared with great 
care, and afterwards crushed between the two disks of hardened 
steel, which, from the nature of the apparatus employed, were 
necessarily parallel ; and thus the resultant of the compressing 
force passed through the axis of the specimen, which will 
afterwards appear to be of the greatest importance. 

All the specimens, unless marked otherwise, were from 
Low Moor iron. No. 1, and were cut out of the ends of the 
castings torn asunder. Table § 8, these ends being about 9^ 
inches broad and 1| inches thick. 

1 01 . In crushing the shorter specimens, it seems, from the 
description given by Mr. Eaton Hodgkinson at pp. 3 1 6, 3 1 7 of 
his " Experimental Researches on the Strength of Cast Iron," 
that in order to make the lever, during its descent, act uni- 
formly upon all parts of the specimen, the body was crushed 
between two flat surfaces, kept perfectly parallel, and the ends 
of the prism themselves were turned parallel and at right 
angles to their axes, so that when the specimen was placed be- 
tween the crushing^surfaces, its ends might be completely bed- 
ded upon them. For this purpose a hole, 1;^ inch in diameter, 
was drilled through a block of cast iron about 5 or 6 inches 
9quai*e, and two steel bolts were made, which just fitted this 
hole, but passed easily through it ; the shortest of these bolts 
was about i J inches long, and the other about 5 inches ; the 
ends of these bolts were hardened, having previously been 
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turned quite flat and perpendicular to their axes, except one 
end of tne larger bolt, wnich was rounded. 

The specimen was crushed between the flat ends of these 
bolts, which were kept parallel by the block 
of iron in which they were inserted* In 
the woodcut, A and B represent the bolts, 
with the prism or specimen between them, 
and D£ the block of iron. During the 
experiment the block and bolt B rested 
upon a flat surface of iron, and the rounded 
end of the bolt A was pressed upon by the 
lever. There was another hole dnlled 
through the block at right angles to that 
previously described ; this was done in or- 
der that the specimen might be examined 
during the experiment, and previous to it, 
to see that it was properly bedded. The 
whole being placed upon the upper shelf 
of the box, the lever described above is made available for the 
experiment. 




I02. THE ULTIMATE RRSISTANCB OF CAST IRON TO A COMPRES- 
SIVE FORCE IS ABOUT 42 TONS PER SQUARE INCH. 



Experimental Proofs. 

Table shotoing the Crushing Strength of Cast Iron of different 
forms of section^ as Right Cylinders and Prisms^ and of 
different magnitude^ all cut out of the same Iron, 

The following Tables have been selected from the Appendix A of the Report on 
Iron in Railway Structures. They have been much less abridged than the Tables on 
Tensile Resistance, §§ 8 and 9, and it is hoped that so it may be instructive to Students 
as indicating the amount of accuracy and labour required in these investigations, and 
which their Author, Mr. K Hodgkinson, has displayed in carrying them on; the fuller 
Tables also show the wide basis on which the results are founded, and the great num- 
ber of distinct experiments required. 

The iron chosen was that of Low Moor No. 1, and the ex- 
periments formed two series : the height of the specimens in one 
being intended to be equal to the diameter, or side of the base ; 
and, in the other, to double that dimension. In both cases the 
height was so small that the specimen could not bend before 
crushing. 
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Before each experiment was commenced^ a very thin sheet 
of lead was laid over and under the specimen, to prevent any 
small and unavoidable irregularity between its flat surfaces 
and those of the parallel steel disk between which it was to be 
crushed. 

103* Cylinders, 



Height 
Si)ecimen. 



Inch. 



1 
3 



I 



Diameter 

of 
Specimen. 



J 



i 



"I 



Inch. 

.253 

.255 

•253 

•251 

.253 
.251 

.508 
.510 

•5" 

.508 

•5" 
.512 

.752 
.756 

.757 
.758 
.753 
.753 

1.004 
1.004 
1.003 
1.002 
1.005 
1.005 

1.260 
1. 261 



Area of 
Section. 



Sq. Inch. 

•0503 
.0511 

.0503 
.0495 
•0503 
.0495 

.2027 
.2043 
.2051 
.2027 
.2051 
.2059 

.4441 
.4489 

.4501 
.45126 

.4453 
.4453 

.7917 
.7917 
.7901 

.7885 
.7933 
.7933 

1.247 
1.249 



Crushing 
Weight of 

Specimen. 



lbs. 

3143 
3159 

3047 
3383 
3187 

3243 

12848 
12988 

13548 
13408 
13828 
13688 

30195 
28885 

27575 

24954 
25828 

24954 

49992 
48681 

49555 
44313 
45187 

43440 

80288 
78554 



Crashing 
Weight per 
Square inch 

of Section. 



lbs. 

62485 
61819 
60576 
68343 

63359 

63384 

63573 
66055 

66147 

67420 

66478 

67991 

64346 
61264. 

55298 
58000 

56038 

63145 
61489 
62720 
56199 
56961 
54758 

64385 
62893 



Mean Crashing 

Weight per Square 

Inch of Section. 



) 



61627 lbs. 
27.512 tons. 

65739 1^ 
29.347 tons. 

64337 lbs. 
28.722 tons. 

66682 lbs. 
29.769 tons. 



64534 lbs. 
28.810 tons. 

56445 lbs. 
25.199 tons. 



62451 lbs. 
= 27.880 tons. 

55973 lbs. 
e= 24. 988 tons. 

63639 lbs, 
= 28.410 tons. 



I 



We are now enabled to perceive, not only the absolute 
amount of resistance per square inch, but also, to a great ex- 
tent, the truth of the second part of the proposition, that the 
resistance is proportional to the area of transverse section, 
which will be deduced from this Table hereafter. 

Three columns of the original Table have been omitted. 
They are : '^ Intended diameter and area of section ;" <' Crush- 
ing weight for the intended area of section ;" ^' Mean crushing 
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weight for the intended area of section." The former, it will 
be surmised from the second column of the Table, were 0.259 
0.50, 0.75, 1. 00, 1.25 inches respectively, and from which they 
differed only in the place of thousandths, care having been 
taken, it would seem, to keep the specimens always a htde in 
excess. 

104. Triangular Prisms. 

The base of each prism was intended to be an equilateral triangle, 

with sides 1 inch in length. 



Hdcht 
Spedmen. 



I 



{ 



Side of 
Base. 



Height 

from Apex 

to Base. 



1.006 
1.005 
1.003 
1.006 
1.006 



.874 

.870 
.870 
.873 

.866 



Area of 
Section. 



Cniahiiur 
Weight of 

the 
Specimen. 



Inch. 

.4396 
.4371 
.4363 
.4391 
.435^ 



llM. 
30632 
30196 
27138 
30632 
30196 



Cruahing 

Weight per 

Square Inch 

of Section. 



Ibt. 



69681 
69082 
62200 
69760 
69320 



HeanCnuhlng 
Weight per Square 
Inch of Section. 



) 



66988 lbs. 
= 29.905 tonB. 

69540 lbs. 
B 31. 045 tons. 



105. Rectangvlar Prisms. 
The base of each prism was intended to be 1 square inch. 



Specimen. 



I 



DtmenatODs of Base. 



1 . 008 X 1008 
1 . 005 X 1000 
1.005 X 10075 
1.005 X 1005 
1.004 X 1007 
1.003 X 1003 



Area of 
Section. 



Inch. 

1. 016 
1.005 
1. 0125 
1. 010 
I. Oil 

1.006 



Cmshing 


Cruahing 


Weight of 


Weightper 
Square Inch 


Specimen. 


of Section. 


Ihi. 


lbs. 


62659 


61672 


61786 


61478 


66590 


65766 


59164 


58578 


56981 


56361 


63096 


62719 



Mean Crashing 

Weight per Square 

Inch of Section. 



62972 lbs. 
= 28.112 tons. 

59219 Ibe. 
= 26.437 tons. 



NoTE.*-The exact dimensions of the base of each cylinder, or 
prism, in the Table above, were obtained by careful admeasurement; 
but the heights were given as they are intended to be made, since 
a slight change in that would make no appreciable difference in the 
strength. 

106. The average for the cylinders was 27.848 tons per 
square inch, for the prisms 28.87c ; but some earlier experi- 
ments gave a higher result for cyhnders than for prisms. The 
average for all is 28.532. 
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107. Table shomngthe Cmshing Strength of Cast Irons from 

different parts of the kingdom. 

Results of experiments on the Crashing Strength of Cjlinders 
of Cast Iron of various kinds; the Diameters of the Cylinders being 
turned to f inch each, and the Heights being f and 1^ inches re- 
spectively. 

The experiments were made as in the last Table, and a very thin 
sheet of lead was put over and under the specimen, as before, to 
prevent irregularity of action during the experiment. 



Description of the Iron. 



Low Moor Iron, No. i, < 



Heikht 
Speti[meiL 



Low Moor Iron, No 






Clyde Iron, No. i, . .4 



Clyde Iron, No. 2, . . ^ 



Clyde Iron 



\ 

, No. 3, . . } 



Blaenavon Iron, No. i, J 

I 

Blaenavon Iron,No. 2, \ 
I8t sample, . . j 



Inch. 

i 

i 



'* 



2 
4 



'* 



4 



'i 



4 



'i 






Diame- 
ter of 
Speci- 
men. 



Inch. 

757 
758 
753 
753 

753 
753 
753 
753 
753 

764 
764 
764 
764 
764 
764 

763 

763 

763 
763 

763 

763 

749 
749 
749 
749 
749 
749 

753 
753 
753 
753 

760 
760 
761 
761 



Area of 
Section. 



Crushing 
Weight oe| 

&e 
Specimen. 



Inch. 

4441 
4489 

4501 
45126 

4453 
4453 

4453 
4453 
4453 
4453 
4453 

4584 
4584 
4584 
4584 
4584 
4584 

457a 
4572 
457a 
457 a 
4572 
457a 

44.06 
4406 
4406 
4406 
4406 
4406 

4453 
4453 
4453 
4453 

4536 
4536 
4548 
4548 



lbs. 

30195 
28885 

27575 
24954 
25828 

24954 

43736 
45483 
43736 
40679 

41552 

41552 
41989 

44173 
40679 

4024a 

41116 

49852 
52035 
48978 
47668 

45920 
46357 

47668 

4^794 

47231 
45046 

48104 
45483 

41989 
38932 
35874 
35874 

54656 
52036 

47231 
45920 



Mean Crushing 

Weight per Sqaare 

Inch (n Section. 



General Mesn. 



60489 lbs. 
^s= 27.004 tons. 



1 



. 95928 lbs. 
'= 42.825 tons. 



>« 



90805 lbs. 
40.537 tons. 



V 



1060 1 1 lbs. 
47 . 326 tons. 



V= 



106039 1^' 
47 •339 tons. 



85710 lbs. 
38. 263 tons. 






1 10006 lbs. 
49. 109 tons. 
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Crushing Strength of Coat Irona^-coniinuecL 



DMcrlptioo of the Iran. 



Blaenavonlron^o.!, ) 
and sample, ) 



Calder Izod, No. i, . 



Coltnees Iron, No. 3, . 



Ystalyfera Anthracite ) 
Iron, No. 2, . . / 



Yniscedwyn Anthra- ) 
cite Iron, No. i, . / 



Tniscedwyn Anthra- \ 
cite Iron, No. a, . ) 



HeliKht 
SpcdnMn. 



Diame- 
ter of 
Sped- 
men. 



Biymbo Iron, No. i, . < 



Biymbo Iron, Na 3, . * 



Bowling Iron, No. 2, . ^ 






Inch. 

747 
747 
747 
749 
749 
749 

7^3 
763 
763 
763 

774 

773 
77a 

773 

748 

748 

748 
748 

748 

749 
749 
749 
749 
749 

749 
749 
749 
749 
749 

749 

749 
749 
748 

748 

747 
747 
747 
748 
748 

749 
749 
749 
747 
747 



Ares of 



Inch. 

43«3 

4383 

4383 
4406 

4406 

4406 

457a 
457a 
457a 
4572 

4705 

4693 
4681 

4681 

4394 
4394 
4394 
4394 
4394 

4406 
4406 
4406 
4406 
4406 

4406 
4406 
4406 
4406 
4406 

4406 
4406 
4406 

4394 
4394 

4383 
4683 

4383 
4394 
4394 

4406 
4406 
4406 

4383 
4383 



Cmshios 
Weiiditt^ 

tiie 
Specimen. 



If ean Cmahing 

Weight per Sqnaie 

Inch (n Section. 



11m. 

30195 

^9759 

30195 

3»379 
28448 

»9759 

33440 

32574 
33008 

3^471 

47735 
46426 

45920 

49415 

32989 
32380 

33253 
33690 

32816 

33^90 

33690 

33253 
35000 

3a8i6 

32816 

33253 
34563 

32379 
32816 

43299 
42863 

45920 

4'552 
4a4a6 

36311 
363 1 1 

37184 

34563 
34563 

33253 
35000 

33690 

32816 

33253 



Ocacnl 



K 



1. 



68545 lbs. 
30. 600 tona. 



74088 lbs. 
33-075 tons. 



1 01005 lbs. 
45.091 tons. 



L 



75246 lbs. 
33.592 tons. 



>= 



76545 lbs. 
34.171 tons. 



>= 



I 



75058 lbs. 
33.508 tons. 



9774a lbs. 
43*635 tons. 



81084 lbs. 
36.198 tons. 



t 



*j62^6 lbs. 
34.038 tons. 
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108. Table shotoing the Comparison of Tensile and Crushing 

Strengths in Cast Iron. 

This Table contains the absolute and comparative Strengths of 
different kinds of Cast Iron, to bear a Tensile and a Crushing Force, 
from the Results in Tables 8 and 107. 

The specimens torn asunder had their sections in the form 




I, and the crushed specimens had cylindrical sections 

turned to be | inch diameter, the heights being | and 1^ inches 
respectively. 



Description of the Iron. 



Moor Iron, \ 
>. I, . . . j 



Low Moor Iron, 
No. 



Moor Iron, ) 
>. 2, . . . j 



Low Moor Iron, 
No. 



Clyde Iron, No. i, 



Gyde Iron, No. 2, 



Clyde Iron, No. 3, 



Davon Iron, \ 
>. I, . . . j 



Blaenavon Iron, 
No. 



Blaenavon Iron, 
No. 2, 1 8t sam- 
ple, .... 



Tensile Strength. 



Tensile Strength 

per Square Inch 

of Section. 



Mean. 



12694 lbs. 
= 5.667 tons. 



15458 lbs. 
= 6.901 tons. 



16 1 25 lbs. 
= 7.198 tons. 



17807 lbs. 
= 7 . 949 tons. 



23468 lbs. 
= 10.477 tons. 



13938 lbs. 
= 6.222 tons. 



16724 lbs. 
= 7.466 tons. 



Crashing Strength. 






Inch. 

} 
i 
» 

f 

* 

I* 

i 



Cmslilng Weight, 

per square Inch 

of Section. 



Mean. 

645 34 lbs. 
: 28.809 tons. 

56445 lbs. 
: 25.198 tons. 

99525 lbs. 

: 44.430 tons. 
92332 lbs. 
41.219 tons. 

92869 lbs. 
: 41.459 tons. 

88741 lbs. 
: 39.616 tons 

109992 lbs. 

149. 1 03 tons. 

102030 lbs. 

45-549 tons. 

107 197 lbs. 

' 47.855 tons. 

1 048 8 1 lbs. 

46.821 tons. 

90860 lbs. 
: 40.562 tons. 

80561 lbs. 
: 35.964 tons. 

1 17605 lbs. 
: 52.502 tons. 

102408 lbs. 
: 45.717 tons. 



Ratio of Powers 

to resist Tension and 

Compression. 



Mean. 



: 5.0841 



205 



8 



^1:6. 149 



577 



76 
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Comparison of Tensile and Crushing Strengths in Cast Iron-^corUinued. 



DoKrtptioii of tho Iron, 



Blaenavon Inm, 1 
No. 2, 2nd S- 
8Amp]«, . . .J 



Calder Iron, No. i, 



Coltneaalron, No. 3, 



Brymbo Iron, No. i , 



Tensile Strength, i Cnuhlng Stiength. 



Brymbo Iron, No. 3, 



Bowling Iron, No. 2, 



Ystalyfera An-' 
thracite Iron, 
No. 2, . . . 



Yniacedwyn An-"] 
thracite Iron, > 
No. I, . . .J 



Tniscedwyn An-"| 
thracite Iron, > 
No. 2, . . . J 



TennIIe Strength 

per Square Inch 

of Section. 




Crushing Weight, 

per Sqnare Inox m 

Section. 



1429 1 lbs. 
6.380 tons. 



13735 Jbfl. 
6. 131 tons. 



15278 lbs. 
6. 820 tons. 



14426 lbs. 
s= 6.440 tons. 



15508 lbs. 
— 6.923 tons. 



1 351 1 lbs. 
= 6.032 tons. 



145 1 1 lbs. 
6.478 tons. 



13952 lbs. 
6.228 tons. 



13348 lbs. 
= 5-959 ^o"**- 



Inch. 






68559 1^ 
30.600 tons. 
68532 lbs. 
30.594 tons. 

72193 lbs. 
32. 229 tons. 

75983 1*M- 
33.921 tons. 

xooi8o1b6. 
44.723 tons. 
101831 lbs. 
45^0 tons. 

74815 lbs. 

33-399toM- 
75678 lbs. 

33.7 84 tons. 

76133 lbs. 
33.988 tons. 
76958 lbs. 
34- 356 tons. 

76132 lbs. 
33.987 tons. 
73984 lbs. 
33.028 tons. 

99926 lbs. 
44.6 10 tons. 

95559 lbs. 
42.660 tons. 

83509 lbs 
37.281 tons. 
78659 lbs. 
35.115 tons. 

77124 lbs. 
34.430 tons. 

75369 lbs. 
33.646 tons. 



Ratio of Powers 

to resist Tension and 

Compression. 




1:6.611 



:5-»»o I 

:5.246J 



54.909 



1 : 4- 936 



S5S 



1:6.735 



1:5.811 



I :5.7i2 



:5 646 
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109. The average of the sixteen irons in Table 107, which 
were taken from the Scotch, English, and Welch iron works, is 
38.52 tons, and, including the cylinders and prisms in the 
three former Tables, § 103, &c., in one average, the resistance 
of cast iron to compression would be equal to 33.526 tons per 
square inch. 

But this, probably, would be too low an estimate of 
its resistance, for, in the "Experimental Researches" pub- 
lished several years previous to the " Report" now quoted, 
which give the result of experiments by the same author, and 
carried on in the same manner, the average was 49.515 tons. 
From the mean of both we have 41.52: very nearly that given 
in the proposition, § 99. 

no. Table 108 is of the utmost importance in the inves- 
tigation of the proper form, in transverse section, of cast-iron 
beams and pillars. The ratio of the tensile and compressive 
resistances to be deduced from the propositions §§3 and 95, is 
1 : 6, that is, 7 to 42. Mr. E. Ilodgkinson's published results 
are — 

Tension. Compression. 
Tons. Tons. 

Experimental Researches on the properties \-^-- 

of Cast Iron, / 7*375 49-5 ^ 5 

Report on Iron applied to Railway structures, 6.834 33*526 

In both tension and compression the earlier experiments 

five the higher results, the former 8, the latter 50 per cent, 
he same was remarked in § 30 of the tension of wrought iron. 

1 1 1 . A rigid body, like cast iron, which is of a crystalline 
and granular texture, begins to fail by suddenly splintering 
off in wedge-shaped firagments at the edges of the surface at 
which the pressure is applied: the compression, combined 
with the outward tendency of the particles, resulting in this me- 
thod of failure, this substance not having sufficient ductility 
to admit of its failing by bulging laterally, which only takes 
place to a very small extent. 

The fracture may take place either in one single oblique 
plane, or in several directed towards the different sides of the 
body ; but in whatever mode, the plane invariably makes the 
same angle with the direction of the applied force, and this, in 
all the experiments recorded under this head, was in the ver- 
tical. 

112. Kwe suppose the only forces acting on the wedge- 
shaped fragment to have been, the vertical force, and the co- 
hesion, or rather shearing resistance, ^of the particles in the 
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oblique plane of fracture, we readily perceive that the angle 
it makes with the horizontal must be 45^. The wood-cut re- 
presents a prism, supposed to be 
compressed by a vertical force on 
the surface, aob. The point o is 
taken in the middle of oA. The 
resisting cohesive force on any sec- 
tion om or an varies as the lengths 
of these lines, that is, directly as 
the secant of the angle aom or 6oit, 
or inversely as the cosine. The 
compressive force acts in the verti- 
cal, and, consequently, its energy 
in forcing the portion ctom along the inclined plane om is 
proportional to the sine of the same angle. 

Now the body will fail with that inclination of om or on 
in which the ratio of the resistance on that surface, to the 
pressure, resolved in the direction of the inclined plane, is a 

minimum, that is, when -: is a minimum, or 

sm aom x cos aom 

when the denominator is a maximum. Now as 

sin aom x cos aom « ^sin aaom, 

the first expression is equal to 




and sin 2aom is a 



sm 2aom 
maximiun when the angle aom is 45^. 

113. The wood-cut shows the angle aom » 45% and the 
dotted lines, aom' and bon\ the angle m which it is found by 
actual experiment that the splinter breaks off when the speci- 
men fails; it is such that, in cast iron, am' is most gene- 
rally equsd i^ ao^ making the angle aom' = 56^ very nearly. 
Now, as there must be a force of friction, or analogous to 
friction, between the two inclined surfaces of fracture, and also 
those of the surface ad, and that of the steel bar by which 
the crushing pressure is applied (which last, as well as the 
weight of aom'^ may be neglected), we may expect that angle 
to be greater than 45°. 

114. The an^le at which cast iron is fractured by a 
force of compression is determined by the following investi- 
gation:* 

* This calculation is by Dr. Hart, S. F. T. C. D., late Professor of Mechanical Phi- 
losophy in the School of Engineering, Trinity College, Dablin. An investigation of 
a subject precisely analogous has been given independently by the Rev. S. Haughton, 
Professor of Geology in this University, in a Paper on " Reversed Faults," in the 
" Transactions of the Geological Society of Dublin," vol. viii., pp. 84, et aeq. 
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Let W be the least weight which, being placed on the 
upper surface of the vertical pillar represented in the annexed 
wood-cut, will cause fracture in the oblique plane, having the 
angle with the horizon. Let 

a ... be the area of the transverse section 
of the pillar ; then 

a sec will be the area of the oblique sec- 
tion made by the plane of fracture. 

k . . . the coefficient of cohesion, i. e. a 
weight in tons per square inch, or 
other units. 

y* . . . the coefficient of friction, which is 
well known to be equal to the tan- 
gent of the angle of the plane of 
repose, which call tan 0. 

Then the equation of equilibrium will be 

Wsin e = *asec +/Wcos 0. (i) 

Or, multiplying by 2 cos 0, and transposing, 

W(8in 20 -/cos 20 -/) = zka ; (2) 

remembering that 

2 sin X cos = sin 20, also 2 cos^ = cos 20 + i, and 

cos sec 0=1. 

To find, then, the value of which will make W a mini- 
mum, it is only necessary to differentiate equation (2), and 
make c? W = o, which will give (since rfsin 20 = 2^0 cos 20, and 
rf cos 20 = - 2d9 sin 20), 

cos 20 + /sin 20 = o ; (3) 

or, 

tan 20 = - ^ = tan (90*^ + ^) ; 

hence 

tan 20 . tan^ + i » o; 

and also (Galbraith and Haughton, ^^ Manual of Trigonome- 
try," chap. V. (19)), 

^ , tan 20 - tan A , . 

Hence the denominator must be infinite, or 20 - ^ = 90% so 
that 20 = 90° + ^, from which we derive a geometrical con- 
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struction : lay off the aogle of repose ^ at the point B, and bisect 
the obtuse angle ABC ; the line so drawn gives the plane of 
easiest fracture of the prism compressed on the surface BC. 
The angle being known to he 56°, we should have f - 23°. 
Thus, having in any material the value of either ^ or 9, we can 
obtain the other. 

£xperiment8 are now being undertaken to determine the 
angle of repose f between two surfaces of cast iron, after 
bemg fractured. 

115. The actual results of experioient showing the manner 
in which cast iron yields to a crushing force 
are delineated in the following woou-cut^ 
the first of which represents one of the cy- 
linders, j inch in diameter, and i^ inch in 
height, uler it had been destroyed by com- 
pression. The single oblique plane, in 
which the sliding took place, is very clearly 
indicated, — a slight permanent bulging and 
beuding having also occurred. This speci- 
men has evidently yielded by the upper 
part sUpping down by a sort of shearing ac- 
tion, the wedge having the whole upper 
end of the cylmder for its base, the angle 
b^g that found constant in cast iron, namely, the angle of 
the plane of least resistance. 

The two next engravings represent a whole and a frac- 



tured prism ; in the latter, of which the sharp-pointed pyra- 
mid, with the lower aide of the specimen for itd base, is very 
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dearly ehowD ; it has cut up the prism, separating the sides, 
and left a number of sharp-edged parts, all of which have slid 
off in the angle of least resistance. 

The third shows a fractured prism, with an equilateral 
triangle for base, the sides of which were . 
one inch in length, and the height also 
one inch ; two pyramids formed as usual, 
with their bases at the ends, and the ver- 
tices toward the centre, have thrown out i 
the angular part. The parta, so sepa- 
rated, nave in prisms of every form a I 
general resemblance, and the form of 
the pyramidal wedge in this, as in the 
former cases, has considerable interest, 
being that of least resistance in cast iron, and furnishes hints 
as to the best form of cutters for that metal, (yide Holt- 
zapffel's "Turning and Mechanical Manipulation," vol. ii., 
PP- S20. 538.) „ , , . 

116. The result of these expenments points out a mmor 
limit to the length of the specimens intended for experiment, as 
the incipient bending did the major limit. They must not be 
less than the height, which will be sufficient ^_^ 

to allow of a perfect separation of the plane of i 
fracture. The wood-cut represents a cylin- I 
der of a height less than one and a half times I 
its diameter, and the portions of two oblique I 
planes of fracture at the usual angle for cast I 
iron. The central part has its base resting ' 
upon the shelf that supported the cylinder 
during the experiment, and manifestly cannot slide off in the 
surface of easiest fracture, or else it yields by sliding off in 
some diagonal plane, not so inclined as the plane of least re- 
Mstance, and thus the great increase of resistance to compres- 
sion of the short specimens is comjiletely explained. 

117. The illustrations given in the preceding sections 
indicate that, although the angle which the plane of easiest 
firacture makes with the horizon be constant, yet the particu- 
lar position which it assumes is not always the same. There 
may evidently be an infinite number of such planes around 
any point in the upper surface of the specimen, all inclined at 
the same angle of nearly ^6° ; and there is no reason, in the 
nature of the material itself, if it be perfectly homogeneous, 
why it should take one of these planes of section rather than 
another. In the greater number of cases, however, one plane 



82 8TRBNGTH OF CAST IRON TO RESIST COMPRESSION. 

of fracture will be determined in preference to the rest, either 
by some want of uniformity in the distribution of the compres* 
Bins force on the upper surface of the specimen, or by the ma- 
tenal itself not possessing a homogeneous structure. 

But if neither of these causes presents itself, we shall 
not have any particular plane determined. In that case, the 
fracture having no tendency to take place in one direction 
rather than another, will take place in all directions at once ; 
and thus the surface of fracture will assume the surface of a 
double cone, of which the two component cones have a com- 
mon apex, from which the sides of the column will break away. 

1 1 8. The strength of columns to resist compression is 
thus constant for the same transverse area between the limits 
of i^ diameters high, at the least, and from 3 to 5, at the 
greatest. For, every height of a column of constant diame- 
ter between these two limits, the section of easiest fracture 
being a plane inclined at the same angle to the axis of the 
column, must be a plane of constant area ; so that in each case 
the cohesion of the same number of particles has to be over- 
come, that the fracture might be produced ; and the cohesion 
of the same number of particles being to be overcome under 
the same circumstances for each different height, the same 
force would be required to overcome that cohesion, until, at 
length, the height was attained, at which the column would 
begin to bend. That height once reached, a pressure conti- 
nually less as the column was longer becomes sufficient to 
break it, as is proved experimentally in Tables, §§ 124, 125. 
For the lesser heights below i^ diameters the material gra- 
dually increases in strength, and at last, even if an unconnected 
granular mass, would resist without any limit or any law. In 
the shortest specimens that were crushed, speaking of those 
about ^ inch high, and ^^ f , and ^ inch diameter, fracture 
takes place by the middle becoming flattened and increased in 
breadth, so as to burst the surrounding parts, and cause them 
to be crumbled and broken in pieces. The blank of a coin is 
a cylinder whose lateral dimensions greatly exceed the height ; 
the milling on the edge is effected by the radial extension of 
the piece under the severe impact of the die, which would 
destroy it if of greater height, and unconfined at the sides. 
Between the heights of 3 or 5 diameters, and about 25 or 30, 
the column, though it may yield by slipping off in a diagonal 
plane, bends ; above that it yields by transverse fracture from 
flexure, so that three distinct sets of laws govern the strength 
of columns, depending on the ratio of the height to the diame- 
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ter. The crushing resistance has been considered ; of the other 
two, it |will be convenient, first, to determine these laws as 
regards pillars whose height is not less than twenty-five times 
the diameter ; and subsequently investigate the formula for 
the strength of those between twenty-five times and the height 
at which the resistance is constant. 

119. The flexure thus observed leads directly to the 
consideration of a property of bodies no less important in 
practical construction than the ultimate resistance, namely, 
the Elasticity. For, every pillar or beam when bent, either 
by a force in the direction of the axis, as in a vertical pillar, 
or transverse to it, as in a beam lying horizontally between 
supports, is lengthened on the convex, and shortened on the 
concave side. 

Mr. E. Clarke experimented on a bar of wrought iron, i6 
inches long, and i inch square, laid upon supports 1 2 inches apart 
in the clear. With a weight of 2.33 tons suspended from the 
centre it deflected 2^ inches ; the top was shortened j§ths of 
an inch; it must, therefore, have been under compression ; the 
convex, or under side, was lengthened yf ths of an inch ; it 
must, therefore, have been in tension ; and though a pillar, 
when bent by a compressing force, is not in an identical state 
with a beam bent by a transverse iforce, yet, in this case also, 
the convex must be longer than the concave side of the pillar, 
and resisting tensile and compressive forces respectively. 

The form of the specimens used by experimenters in de- 
termining the ultimate direct tensile and compressive resis- 
tances of bodies was not suited to develop the elasticity, and, 
therefore, it has not been previously mentioned. It had been 
always studied indirectly, by measuring the deflections of hori- 
zontal bars, until Mr. E. Hodgkinson's great series of direct 
experiments, undertaken for the "Report" already quoted, 
who measured the extension of vertical rods, 50 ft. in length, 
and the compression of pillars 10 ft. high, restrained from 
bending; and also the degree in which, in each case, they re- 
turned to their first length, after each trial, when unloaded. 
These experiments will be given in a future page. 

120. Elasticity, or Elastic Force, is that inherent pro- 
perty in bodies by which they recover their original figure after 
any force which has disturbed it is withdrawn. To account 
for this phenomenon, it has been supposed that the ultimate 
molecules, of which all bodies must be composed, have the 
power to attract and repel each other in such manner that, in 
the habitual or normal state, the forces of attraction and re- 
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pulsion, which act upon these molecules, are in equilibrium ; 
and though of great intensity, have but a very small sphere of 
action, thus permitting of a very minute separation and approach 
of the ultimate particles. From this it would result, that 
every external tensile force tending to separate the particles, 
calls into play the force of attraction, and slightly elongates 
the body. And also every external force tending to compress 
them develops the force of repulsion, and contracts the length. 
When the external force ceases to act, the effect disappears 
also, and the body is restored to very nearly the same original 
figure and volume. 

121. Solid bodies are thus capable of being extended 
under tensile, and shortened under compressive, forces. For 
example, a bar of cast iron 50 ft. long, and 1.058 square inch 
in transverse section, having been placed vertically, and a 
weight of 5 tons suspended from it, was observed to be 0.574 
inch, or the yxrVj^^ P^^^ greater in length than when unloaded, 
and on removing this tensile force, the bar was found again 
to assume very nearly its former unloaded dimensions, being 
now 50 ft. and 0.06425 inch long. The property by which it 
is thus restored to its former dimensions is its elasticity. 

In like manner, a bar 10 ft. long, and 1.08 16 sq. inch area, 
having been compressed by the same force of 5 tons, is ob- 
served to be shortened 0.09944 inch, or the y^Vt^^ P^^^ ' ^^^ 
again, on the removal of the pressure, it was found restored tp 
very nearly its original length, being 0.00847 ^^^^ shorter 
than the original 10 ft. 

In both tension and compression alike, a defect of elasti- 
city was always observed, the bar never returning perfectly to 
its original length — ^a sety as it is called, being found to have 
taken place after the force had been removed. 

122. It has been stated in § 102, and also after the Table, 
§ 103, that the resistance of short columns to crushing was, 
ccBteris paribus^ proportional to the transverse area of the spe- 
cimen. The peculiar manner in which the failure takes place 
in cast iron, as described in § 1 16, would lead to the presump- 
tion that it would be so found ; for as the angle the diagonal 
section, in cast iron, makes with the direct transverse is con- 
stant, namely, the angle whose tangent is about i J to i, or 56°, 
they are in a constant ratio, that is, the oblique area is equal 
to the direct, multiplied by a constant quantity. And the 
strength being as the number of particles in the oblique plane 
of fracture, will be as the area of such plane, which is pro- 
portional to the direct transverse area. 



STRENGTH OF CAST IRON TO RESIST COMPRESSION. 



85 



Taking the average crashing weights for the several dia- 
meters out of Table §103, we have — 

I Assuming that — 
The numbers in the column of the | 
diameters are, in inches, . . . j 

Or as the numbers 

And, therefore, the areas as . . . 
The average crashing weight in lbs. 
Dividing these last, all by 3194,) 
we have, j 



i 


i 


} 


I 


li 


I 
I 

3194 


2 

4 
13818 


3 

9 
27232 


^6 

46861 


5 

*5 

79421 


I 


4.326 


8.53 


14.67 


24.87 



These numbers are nearly as the areas, and thus the 
strength of short prisms may be taken as proportional to the 
transverse area, that is, to the square of the diameter. 

123. As the laws which determine the strength of long 
pillars are, in the following sections, deduced experimen- 
tally, it will be sufficient now, merely to state the deduc- 
tions of mathematical writers on this subject, who have all 
followed the original theory of Euler. Having calculated 
the form of the curve assumed by a thin elastic lamina fixed 
at one end, or lying horizontally on two supports, they pro- 
ceed to determine, in the case of a vertical elastic lamina, 
the least weight which, placed on the top, will suffice to pro- 
duce flexure, and this was supposed to be the weight practi- 
cally limiting the strength. The height and lateral dimen- 
sions being now supposed increased or diminished, it is proved 
that the strength is inversely as the square of the height,— on 
the supposition that the material is incompressible, — and as the 
fourth power of the lateral dimension, if the transverse sections 
are similar, or if rectangular, though not similar in transverse 
section, as the longer side into the cube of the other. 

In the case of hollow pillars, the strength was shown to be 
proportional to the difference of the fourth powers of the dia- 
meters, or, in general terms, if A be the height of any pillar, 
and a, b its transverse dimensions, a being the greater, and d 
the diameter if circular, or any lateral dimension if the pillars 
are similar in transverse section : then the strength to resist 
incipient flexure, or the measure of the least weight sufficient 

ab^ d^ . 

to produce it, is -^, or j^ ; and if di be the internal diameter 

of a hollow column, it becomes — 17^-* 

* Fide Pois8on*s " Mecanique," vol. L, second edition ; Venturoli^s '' Mecha- 
nics," translated by Gresswell, book iil, chaps. 17, 18, 19; Lloyd^s "Mechanical 
Philosophy," section xi., Second Edition. 
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124* Table shawduf the ultimate ResUtanoe ofeolid uniform Cylinders of 
Cast Iron to a Force of Compression ; the Ends of the Specimen being 
turned^ and rounded, so that the Force would pass through the Axis, 

Low Moor iroDf No. 3, cast in dry sand. 





Hdffbt 


Diameter. 


WelAht 
PUtar. 


Mom 

Deflection 

at 

Middle 

Height. 


Meaner 

Breaking 

Weight 


Value of dr.* 




L 

II. 

III. 

IV. 

V. 

VI. 

VII. 


Inchw. 

- 

60.5 . 


Incbea. 
0.50 
0.77 
0.99 
1.29 

1.5*7 
1.96 


Um. OS. 

... 

. ■ • 

• • • 

19 IX 

3S 
46 


Inches. 
0.36 

. • 

0.5* 
0.38 

0.14 

0.33 
0.54 


Iba. 

143 
780 

1902 

5707 

10755 
16562 

*355l 


30309 
3*603 
30902 

34*73 

34**9 
30093 

29901 


1 

e 


•** 

OS 

• 

il 

1 

OS 

t->- 

► r^ 

e*» 

to 

iT 

a 
1 


VIII. 
IX. 

XI. 
XII. 


30. 25 . 


0.50 
0.77 
0.99 
1.29 

i-5» 




0. 12 
0. 10 
0. 10 
0.14 
0. 10 


539 
2726 

6105 

17*35 

3*531 


35162 
35070 
305*9 
31857 
3*447 


XIII. 

XIV. 

XV. 


30. x66 

- 


0.767 
I. ox 


a 7 
4 4 


■ . 
• • 


6602 

15737 


36639 


XVI. 

XVII. 

XVIII. 


^S'^^S \ 


0.50 
0.76 
0.99 


• * . 
... 
... 


0.28 

« • 


1904 

9**3 
1975 a 


38230 
38360 
30401 


XIX. 
XX. 


12. 1 












XXI. 
XXTI. 


10.0833 


0.76 


... 


• 


17506 


36547 


XXIII. 
XXIV. 


7.56*5 

1 


0.497 
0.777 


• . • 
■ ■ • 




5262 
22948 


33*63 


XXV. 


3.78" 


0.50 


• . « 


. • 


15 107 




XXVI. 














XXVII. 















« This column is explained in {§ m, 188. 
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125. Table of the Results with solid uniform Cylinders^ but with Ends 
turned flat and parallel^ being compressed between two parcdlel Surfaces 
coinciding unth Ends of Cylinder 9 as in ^ 103, Sfc, 

Low Moor Iron, No. 3, cast in greensand. 







^ff » tfkBM 


Weieht 
Pillar. 


Mean 
Deflection 


Mean of 








Height 


Meui 
Diameter. 


at 
Middle 


BreaUng 
Weight 


Value of X. 












Height 










Inches. 


Inches. 


lbs. oz. 


Inches. 


lbs. 






I. 


m 


0.51 


3 41 


. • 


487* 


83182* 




II. 




0.77 


7 5i 


0.24 


2456 


97175 


^ 


III. 




0.997 


II 8 


0.18 


6238 


98638 




IV. 


60.5 i 


1.29 


19 12 


0.46 


16064 


101770 


g 
a 


V. 




1.56 


29 


0.55 


28962 


93455 


s 


VI. 














NO 


VII. 


W 














VIII. 


^ 


0.50 


I 10^ 


0.13 


1662 


93735 


li 

1 


IX. 




0.77 


• ■ • 


0.21 


8811 


107300 


H 


X. 


30. 25 i 


1. 01 


... 


0.16 


20310 


94403 


OS 


XI. 














00 
OS 


XII. 


^ 















XIII. 


, ( 


0-5I 


I If 


. « 


3830 


101063 


s 
"a 


XIV. 


20. 166 { 


0.777 


2 8i 


. . 


'5581 


92229 


► 


XV. 


( 


1.022 


4 Si 


• • 


31804 




1 


1 

XVI. 


' 


0.51 


i3i^ 


• . 


6764 


109445 


XVII. 


^S'^^S 


0.775 


29^ 


. • 


21509 






XVIII. 


1 


1. 00 


3 4 


* • 


40250 






XIX. 


12. I 


0.50 


10^ 


. • 


7195 




XX. 


0.785 


I 7f 


. • 


24287 






XXI. 
XXTT. 


10.0833 

1 


0.50 
0.768 


8^ 

• • * 




8931 
259*3 


1 


XXIII. 
XXIV. 


7.5625 


0.50 
0.777 


6^ 
i4t?^ 


• • 


"255 
32007 




XXV. 


3.7812 


0.50 


• • • 


• . 


17468 




XXVI. 


2 


0.52 


• . • 


• • 


22867 




XXVII. 


I 


0.52 


• . • 


• • 


24616 





The two pillars fh>m which this average was taken had disks two inches in diameter cast on their ends ; all tho 
others were tamed flat and parallel Fltnn the diflBcolty of obtaining dender pHlars, quite straight this number was 
omftted in the mean. 
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1 26. In the experiments tabulated above, the object has been 
to determine, not the least weight producing incipient flexure^ 
but that producing fracture by flexure, as leading to a practi* 
cal rule for the due proportioning of columns to the duty they 
have to perform in actual construction. In deducing these 
rules, Mr. Hodgkinson acknowledges that some of the theo- 
retical results given by Poisson have been of great ser- 
vice in the course of his inquiry. Though he also writes : — 
*^ I have many times sought, experimentally, with great care 
for the weight producing incipient flexure, according to the 
theory of Euler, but have hitherto been unsuccessful. So far 
as I can see, flexure commences with weights far below those 
with which pillars are usually loaded in practice. It seems to 
be produced by weights much smaller than are sufficient to 
render it capable of being measured. I am, therefore, doubtful 
whether such a fixed point will ever be obtained, if, indeed, it 
exist. With respect to the conclusions of some writers, that 
flexure does not take place with less than about half the break- 
ing weight, this, I conceive, could only mean large and palpa- 
ble flexure ; and it is not improbable that the writers were in 
some degree deceived, from their having generally used spe- 
cimens thicker, compared with their length, than have been 
usually employed in the present effort." 

Mr. E. Hodgkinson's valuable series of experiments on 
uniform pillars of cast iron to resist fracture by a crushing 
force are contained in four Tables which have been condensed 
in this work. The first on solid uniform pillars, rounded at 
the ends; and the second, the same as the first, but with ends 
turned flat and parallel, have been given above. The third, 
on hollow uniform pillars, with a hemispherical cap fitted on 
the ends ; and the fourth, the same as the third, but turned 
flat and parallel at the ends, are given in a future page. 

The experiments enumerated in the above Tables have 
been skilfully arranged, so as to point out very clearly the law 
of the strength of pillars as depending on the dimensions. 
The shorter lengths are exact submultiples of the length of 
the longest pillar; this was intended to have been 60 inches, 
but, by an oversight, it was made 60.5 inches instead ; and of 
this last, the others were cast respectively the half, the third, 
the fourth, fifth, sixth, eighth, and sixteenth parts. The dia- 
meters are from ^ an inch to 2 inches, increasing by ^ inch with 
nearly every different height. Now, in order to determine 
the law as dependent on length, we must take out from the 
Table those results in which the diameter is the same, but the 
length different, as, for instance, lines i., viii., xiii., xvi., xix. 
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Or again, taking out lines II. IX. XIV., &c., in each of 
which the constant diameter is 0.77 in., but the lengths dif- 
ferent, and in some simple ratio to each other. Then, from a 
comparison of the ratio of the lengths with that of the break* 
ing weights, we can determine the law which connects the 
results of the experiments in this respect. 

It will be at once perceived, from both Tables, that pillars 
are, ecBteris paribus, stronger as the length is diminished, the 
greater breaking weights being opposite the shorter lengths, 
and therefore it must be some inverse proportion which obtains 
between the quantities compared together. 

Comparing then the lengths and breaking weights of solid 
pillars, with ends turned flat, in lines II. and IX » § 125, page 
87, we may calculate the power of the length to which the 
breaking weights are inversely proportional. The constant 
diameter, in these two lines above mentioned, we find to be 
0.77 in., the lengths being 60.5 and 30.25 in., and the break- 
ing weights 2456 lbs. and 88 1 1 lbs. respectively. 

Let n be the unknown power to which these lengths must 
be raised, to make them in the inverse ratio of the breaking 
weights. We have 

60.5** : 30.25" : : 881 1 : 2456, 
or 2* : i*» :: 8811 : 2456. 

It is evident from this proportion that n is somewhat less 
than 2, since the third term is not equal to 4 x 2456, and the 
power of the length, to which the strength of pillars of the 
same diameter is proportional, is less than the inverse square. 

To determine its exact value, we have, from the above 
proportion, 

2»» = 881 1 -^24S6« 3-58754. 
or « X log 2 = log (88 II -7- 2456), 

and „,log(88"^^4s6) „ o-55479'9 „ ,843 ; 

log 2 0.3010300 

hence 60.51-8" : 30.25*-"' : : 88 11 : 2456. 

In like manner, from all suitable experiments, we obtain 
values of n, the average of which will be a safe guide in cal- 
culating the ultimate strength of pillars used in practical con- 
struction. 

The Tables given in pages 86 and 87, have however been 
since very greatly extended by the same experimenter, namely, 
up to 10 ft. in length, and 2^ in. diameter. As it will be ne- 
cessary to include the results of these experiments, in deter- 
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mining the average index of the lengths, the following con- 
densed summary is now introduced. In the Table will also 
be found a column giving the crushing weight per square inch 
of the various irons, and the same for an area equal to 2^ in. 
diameter^ or 4.909 square inches. 



Table supplemental to that in § 125, p. 87, showing the Breaking 
Weights (B.) of Long Solid Pillars of Cast Iron^ from various 
parts of the kingdom^ 2^ inches in Diameter^ and the Crushing 
Weight (C.) of short specimens of the same. 



No. 

I 

2 

3 

4 

5 
6 

7 
8 

9 
10 

II 

12 

13 






Sroet Pillabs. 


LoHO Pillars. 


Value of 
the con- 
stant :r 
firomlO 
ft pil- 
lars. 


Names of the Iron 
Work!. 


Cmahing wdgfat 
in tons. 


^ in. diameter. Breaking weight 
in torn. 


Persq. 

in. of 

section. 


For2i 
in. dia- 
meter. 


Length, 
lOlt 


"r^ 


• • 

50.20 

• • 

• • 

51.04 
58.60 

• . 

41.79 
54.49 

• • 

• • 


"IT 


Old Park, . 
Derwent, 
Portland, 
Calder, . 
London (a), . 
Level, . . 
Coltness, . . 
Carron, . • 
Blaen Avon, 
Old HiU, . . 
London(^), . 
Low Moor, . 
Blaen Avon, 




39-3 
43-4 
42.3 

36.1 

30.5 
28.1 

30.6 
3 1-7 

24.5 
42.6 

34.6 

37.3 


195.3 
216.9 

209.4 

186.2 

1 83. 1 

150.6 

138.3 

151. 1 

'54.5 
1 22. 1 

209.5 

'76.5 
190.6 


29.50 

28.03 

27.30 
27.09 

25.41 
24.67 

23.52 
23.52 
22.05 

20.05 
27.19 

24.99 
25.62 


44-73 
47.04 

45.78 
41.58 

41.79 

4389 
38.85 

32.34 
32.13 

• • 

• • 

39.90 
38.22 


52.51 

57.69 

. • 

» • 

• • 


49-94 
46.91 

46.47 

46.49 
41.46 

42.05 

40.23 

40.16 

38.44 
33.60 

46.21 

40.4S 

41.22 








C. 


B. 


B. 


B. 


B. 






I. 


IL 


IIL 


IV. 


V. 


VI. 


VII. 


VIII. 



The quality of the iron was chiefly No. i. That from 
Low Moor, in line 12, was No. 2 ; that from Blaen Avon, 
line 13, was No. 3. The London(a), line 5, was a mixture, 
one-haLf old plate-iron, and one-half Calder iron. London(&), 
line 1 1, was two- thirds old metal, and one-third of No. i best 
Scotch pig-iron. The quality experimented upon in the Ta- 
bles in pages 86, 87, was exclusively No. 3, and from Low 
Moor only. The iron in lines 2, 3, 45 6, 7, 8, was hot blast ; 
the others cold blast. 

The pillars were all cast erect, and in dry sand, from the 
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same iron model, nearly 1 2 ft. long, to insure sound castings ; 
they were afterwards cut to 10 ft. long, and their ends turned 
flat and perpendicular to the axis. Two pillars were cast from 
each kind of iron ; the tabulated breaking weight is thus in 
each case an average of two experiments. The weights of the 
pillars, down to line 1 1 inclusive, were, on an average, 152 lbs. 
each ; the average of line^ 1 2 was 159^, and of line 13, 160 lbs. 

The Old Park Iron Works are situated at Stourbridge, in 
Staffordshire ; the Derwent, in Durham ; the Portland, at To- 
vine, in Scotland ; the Calder, in Lanarkshire ; the Level Iron 
Works, in Staffordshire ; the Coltness, in Edinburgh; theCar- 
ron, in the county of Stirling ; the Blaen Avon, in South Wales ; 
the Old Hill, in Staffordshire; the Low Moor, in Yorkshire. 

Calculating exactly as in the example, page 89, we have 
the following Table of values of the power of the length w, to 
which the breaking weights are proportional : — 

Table showing the Law of the Strength of Long Solid Pillars of Oast 
Iron as dependent on their Lengthy that is, the Power to which the 
Lengths are raised to give them the inverse ratio of the Breaking 
Weights. Ends flat and perpendicular to the axis. 



Diamft' 
ten in 


Lengths compared in 


Inverse breaking weights 


Value of In- 


inches. 


inches. 


in tons. 


dex n. 


*i 


120 and 90 


Average of 10 expts. 


1.6303 


»» 


120 , 


» 75 


58.60 and 24.67 


1.8864 


»» 


120 , 


» 75 


51.04 „ 25.41 


1-5737 


»> 


120 , 


» 75 


41.79 „ 20.05 


1. 5514 


»i 


120 , 


> 75 


50.20 „ 28.03 


'•4137 


n 


120 , 


» 75 


56.89 „ 28.35 


1.4820 


»> 


120 , 


, 75 


52.09 „ 26.04 


1.4752 


li 


120 , 


» 75 


11.055 »» 5*00 


1.8338 


i» 


120 , 


. 75 


"•57 ». 485 


1.8986 


4 


120 , 


, 60 


60.70 „ 19.95 


1.4523 


») 


120 , 


, 60 


55.01 „ 19.95 


1.5942 


I 


60.5 , 


, 20.1666 


14.2 „ 2.78 


1.4830 


>» 


60.5 , 


» 30-25 


9.07 ,, 2.78 


t.6910 


0.77 


60.5 , 


, 15.125 


9.6 „ 1.096 


1.5500 


>» 


60.5 , 


, 20.1666 


6.956 „ 1.096 


1.6820 


n 


60.5 , 


» 30.2s 


3.93 „ 1.096 


1.8430 


Gene 


ral mean v 


alue of n fr( 


^m 25 comparisons, . 

• 


1.6275 
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So that we may assume 

n= 1.63. 

*^ In a former paper," remarks Mr. E. HodgkinsoDi ^* I as- 
sumed n « 1.7 as tne inverse power, which the strength of pil- 
lars of the same diameter, and of different lengths, followed 
nearly; this applying both to pillars with rounded ends, and 
to those with flat ends ; but it appears, from above, that in 
flat-ended pillars, which represent the great mass of those used 
in practice, the strength would be better represented by some 
number intermediate between 1.6 and 1.7 : the results of the 
experiments here detailed give i .63 as a mean nearly, and this 
number may be used for all pillars whose length is more than 
about thirty times the diameter." 

Thus two pillars, one of which is 10 ft. long, and i in. in 
diameter; the other, i ft. long, and also i in. in diameter, 

have their breaking weights in the proportion — ^ to -^, or 
: I, that is, 0.023442 : i, or 2.3442 : 100. 



42.658 
If 



f the lengths had been 10 ft. and 5 ft., the diameters being 
the same, the breaking weights would have been in the ratio 

or — ^— : — , or 0.02344 : 0.0726, that is, i 



,Ol.«3 jl.63' 42-658 13.7823 

to 3 nearly. 

If the lengths be taken at 10 ft. and 6^fl., the diameters 

being equal, the breaking weights are in the ratio — -— 

42*658 
f 

, which is very nearly 1:2. Thus at about two-thirds 



21.137 

of the length the strength of pillars is doubled, and at half 
the length nearly trebled. 

By a method precisely analogous is determined the law of 
the strength of piUars as depending on their diameter, or late- 
ral dimension, when not circular ; taking out in this case those 
which have the same length, but different diameter ; as in the 
former we compared those which had the same diameter, but 
different length. We can then calculate the power m to which 
the two different diameters must be raised, m order to make 
them have the same ratio to each other as their respective 
breaking weights. That the proportion is direct will be per 
ceived as readily in this case, as that it was inverse appeared 
in the former. 
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Thus, in long pillars with their ends flat, we have from 
Table, § 125, p. 87, a number of experiments, lines II. to V., 
in which the length is constant, being 60.5 in., but having 
four different diameters. Taking out from lines II. and V. 
the diameters and breaking weights, we have 

0.77^: 1.56"*:: 2456: 28962. 

As the diameters are in the ratio of i to 2, very nearly, it 
is easy to see that the value of m is between 3 and 4 ; the 
fourth term being more than nine and less than sixteen times 
2456. The above proportion may be thus expressed by di- 
viding 

i~: 2.026"* : : I : (28962 -r 2456 =) 1 1.7923, 

and therefore, as from this 

2.026"* « 11.7923, 
we have m x log 2.026 = log 1 1 .7923, 

log 1 1.7923 '-^^^SSTS^ 



and 
so that 



m 



log 2.026 0.3066394 
0.778-"* : 1.56'*"'* : : 2456 : 28962. 



By this method of calculation we obtain the following values 
of »2, from lines II. and V. inclusive : — 

Table showing the Law of the Strength of Long Solid Pillars of Cast 
Iron as dependent on their Diameter, Ends flat and perpendi- 
cular to axis. 



No. 



Lines 
compared. 



I 

2 

3 
4 
5 



linei. 

II. and III. 
II. „ IV. 



11 



II. 
III. „ 
III. „ 



V. 

IV. 

V. 



I 



Diameters compared 
in inches. 



0.77 and 0.997 
0.77 „ 1.29 
0.77 „ 1.56 
0.997 „ 1.29 
0.997 1' i-S^ 



Breaking weights com- 
pared in tons. 



1.0964 and 2.7848 
1.0964 „ 7.1714 
1.0964 „ 12.9295 

2.7848 „ 7.1714 
2.7848 „ 12.9295 



Value 
of m. 



3.606 

3-641 

3-495 
3.670 

3.428 



Mean, 



3.568 



From a set of experiments on pillars 60.5 in. long, with cir- 
cular discs on their ends, about double the diameter of the 
pillar, to prevent them turning, given in page 438, " Phil. 
Trans./' part ii., 1 840, we have — 
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No. 


Diameters compared in 
inches. 


Breaking weights corn- 
par^ in tons. 


Value of m. 


6 

7 
8 

9 

lO 

11 


0.51 

0.51 

0.51 

0.775 

0.775 

I.oo 


and I.oo 
„ 1.28 

f 1-53 

1.28 
», 1-53 


0.2174 and 3 0491 
0.2174 „ 7.3076 
0.2174 „ 13.745' 
1.2 1 38 „ 13.7451 
1.3^138 „ 7.3076 
3.0491 „ 1 3.745 > 


3.922 
3.820 

.V-775 
3.568 

3-578 
3-4" 






Mean, . 




3679 



Each of these diameters and breaking weights are the ave- 
rage of at least two pillars. As in determining the general 
mean value of n, the inverse power of the length, Mr. Uodg- 
kinson's later and larger experiments were introduced, so in 
determining the power of the diameter m, it is advisable to 
enlarge the basis from which so important a number is de- 
rived. 

The following comparisons are from pillars 120 in. in 
length, ends turned flat, and of the quality named London 
Mixture : — 



No. 



12 
13 

15 



Diameters compared in 
inches. 



1.530 and 2.5 1 1 

1.541 „ 2.5 II 

1.530 „ 2.496 

1. 541 „ 2.496 



Breaking weights, or those 
under which the pillar was 
evidently sinking, in tons. 



5.0 and 28.348 
4.852 „ 28.348 
5.0 „ 26.038 
4.852 „ 26.038 



Value of m. 



3.5016 

3-6154 

3-3708 
3.4840 



Mean, 34929 



The same pillars — not having been actually fractured — 
were rendered quite straight, and cut to be 75 in. long, the 
ends being turned flat. 



LONG SOLID PILLARS WITH FLAT ENDS. 



95 



No. 



i6 

18 
19 



Diameters compared in 
inches. 



1.530 and 2.5 1 1 

1.541 „ 2.5 II 

1.530 „ 2.496 

1.541 „ 2.496 



Mean, 



Breaking weights com- 
pared, in tons. 



11.055 and 56.89 

11.58 „ 56.89 

11.055 »» 52.086 

11.58 „ 52.086 



Valae of tn. 



3.2603 
3.1670 

3"79 



3.2130 



. 



The general mean derived from these four means, which 
represent nineteen comparisons, gives 3.5 13$ so that we may 
assume 

fw = 3.5. 

127. Having thus determined the law, both as to length 
and lateral dimensions, by which the breaking weight of long 
solid pillars of cast iron, flat at the ends, and in length not 
less than thirty times the diameter, are governed, namely, that 

Breaking weight a — , 

it remains to calculate a constant which we may call a;, so 
that 

Breaking weight = a? x y^. 

In practice, cast iron columns are, as to their dimensions, 
generally spoken of as being so many feet in length, and so 
many inches in diameter, and therefore a convenient constant 
will be the calculated breaking weight of a column i ft. long, 
and I in. diameter: we may easily determine this, by two suc- 
cessive operations, from any of the results of the experimen- 
tal pillars. First, If W be the known breaking weight of 
any experimental pillar, whose length is I feet, and diameter 
d inches ; then the breaking weight W, of another pillar of 
the same length, and i in. diameter, is found by the propor- 
tion, 

W 



WiW::d^'^: i'», hence W' = 



d^' 



the breaking weight of a column / feet long, and i in. diameter. 
Secondly, From W, so determined, and the length /, we may 
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next calculate the breaking weight a; of a unit pillar i fl. long, 
and I in. diameter, by the inverse proportion 

11.63 

W':x:: i : P«», hence « = W'x /i«» = W x — . 

Taking a particular case, as suppose a pillar lo ft. long, and 
2^ in. diameter. First calculate, from the known breaJ^ing 
weight of this, the breaking weight of a pillar of the same 
length, but diameter i in., merely reducing it in the direct 
proportion of 2.5"*: i'**, or 24*705 : 1 — smce 3*5 x log 2*5 

answers to the former number — equivalent to -^^ giving W. 

Secondly, we must increase this so found weight in the in- 
verse ratio of the lengths raised to the 1.63 power, or 

, that b — 2— : 1, or 0.023442 : i, equivalent to 



iQi.M 11.63' 42.658 

Thus, one of the two pillars of Blaen Avon iron No. 3,— 
the average breaking weight of which is given at the intersec- 
tion of lines 13 and IV., Table, p. 90, — ^had a breaking weight 
Wof 25.4 1 tons ; from this, which was 10 ft. long, and 2.556 in. 
diameter, we obtain the strength of another, also 10 fl. long, 
but only i in. diameter, by the proportion 

Tons. Tons. "^ 

26.697 : 1 :: 25.41 ••0.9518 = -^ = W', 

as 3.y X log 2.556 = 1.4264628 answers to 26.697. 

Again, the strength of this pillar 10 ft. long, and i in. dia- 
meter, is to that of another i ft. long, and same diameter, in 
the inverse proportion 

Tana. Tod& /i*68 

0.023442 : 1 - 0.95 18 : 40.6023 « aj » W --z^^. 

The other had a breaking weight W of 25.83 tons, and dia- 
meter 2.546 in., hence 

W 

(3.5 X log 2.546 = number) 26.333 : 1 : : 25.83 : 0.981 = ^^, 

p.6a 

and again, 0.023442 : i : : 0.981 : 41.85 tons = a;e W-^. 

The mean of these two pillars of Blaen Avon, No. 3, being 
41.22, as given at the intersection of lines 13 and VIII. By 
taking an average from a sufficiently extended series of expe- 
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riments we obtain a safe value of this constant for practical 
purposes of construction. Thus, the mean of the numerous 
irons from all parts of the kingdom, given in column VIII. 
of the supplemental Table, page 90, is 42.59. Mr. Hodgkin- 
son (Phil. Trans., 1857) adopts 42.347, which we may assume 
to be 42.35, being an average, derived from eight experiments 
on hollow pillars, from 2^ to nearly 4 inches external diame- 
ter, and two on solid pillars, 2^ inches diameter (given in lines 
15 to 24, Table § 135)* all 10 feet long, and of Low Moor 
iron, No. 2, the ends being turned flat and perpendicular to 
the axis. The former experimental researches (Phil. Trans., 
1840) of this author had given the higher number 44.16 for 
solid pillars, with flat ends, which is that given in column 
" Value of a?," Table § 125, for Low Moor iron, No. 3, Al- 
though the Low Moor, No. 2, is stronger than No. 3, in the 
ratio of 1026 to 1000, yet the constant is, as we have seen, 
lower in the later experiments on No. 2, the explanation being 
that cast-iron, in larger masses, is always softer than that in 
smaller castings. And, as in actual construction the pillars 
are larger, in general, than the largest experimental pillars, 
we must take this smaller constant in preference to 44.16, 
given in page 87. 

128. Having thus ascertained the inverse power of the 
length », the power of the diameter m, and the constant 
42.35 tons, being the breaking weight of a flat-ended solid 
pillar, I ft. long, and i in. in diameter, we can calculate the 
breaking weight of a pillar of any given dimensions, as sup- 
pose 13 ft. in height and 3^ in. diameter. 

Breaking weight = 42.35 x f.s3 -4^-35 ^ « 40.06 tons. 

And if the pillar were 9 ft. high, and 3^ in. in diameter. 

2.2c'** 61.80 

Breaking weight =« 42.35 x ^-7^ = 42.35 — -^ = 70.6 tons. 

9 ' 35*93 

If in each of these two different heights of pillar, we sup- 
pose the diameter increased by half an inch, so that it becomes 
3.75 inches, which, raised to the 3.5 power, is equal 102.12; 
then the breaking weights are 

102.12 ^^ ^ , 102.12 

42.2c X = 66.11 tons, and 42.35 x = 120.27 

^^ 65.423 ^ ^^ 35.93 ^ 

tons respectively : the areas of transverse section in each case 
being 9.085 sq. inches, and 1 1.05 sq. inches, or in the ratio of 

o 
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I to 1.216, in which ratio the quantities of metal are increased, 
but the breaking weights are in the ratio i to 1.7 nearly. 

Before proceeding to the subject of hollow pillars, by 
which the advantages of cast-iron in construction are much 
more fully developed than by the use of solid pillars, it will 
be more convenient now to note the other interesting deduc- 
tions from the experiments tabulated above, pp. 86, 87, 90. 

129. The strength of long pillars with flat ends, turned 
true, perpendicular to the axis, and well-bedded, is about three 
times greater than that of pillars with the ends rounded, the 
diameter and length being the same. 

It would appear, at the first view, that pillars with hemi- 
spherical ends, placed truly vertical, under a pressure also 
acting in the vertical, would sustain as much as those of the 
same transverse area and length having flat ends and a true 
bearing, and being under a pressure identical in amount and 
direction ; and so perhaps it would prove to be, but for the 
different manner of their deflection, and consequent different 
fractures, — the round-ended pillar having one single curva- 
ture commencing at each end, like the deflection of a horizon- 
tal beam lying loose upon its supports, and having, like it, 
only one fracture at, or very near, the middle point. The 
flat-ended pillar, on the other hand, has three distinct curva* 
tures, and three fractures, at the centre, and at each end, being 
like a horizontal beam fixed firmly on its abutments. 

The proposition enunciated above may be proved by com- 

Earing the mean values of the columns in § 124 and 125, 
eaded " Value of »," that for round-ended pillars being 
14.9 tons, and for flat-ended 44.16; the latter being nearly 
three times greater than the former. 

Now, although these values were deduced from the expe- 
riments, by using fractional indices for the diameter and 
length, different from those determined from the later and 
larger experiments of Mr. Hodgkinson (the average indices 
from the earlier experiments having given the law of the 

strength as-j^;^, instead ofj^y as now finally settled from the 

larger pillars), yet the application of the law r^ will also pve 

numbers whose mean value will have the ratio i to 3. 

If we add together the mean breaking weights given in 
lines I., II., III., IV., v., and VIII., IX., X., and XVI. in 
Table § 124, page 86, and the same lines in Table § 125, we 
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find the sums to be 30,561 lbs. and 91,754 lbs. respectively, 
which numbers are obviously very nearly as i to 3 ; the 
smaller being the sum of the breaking weights of pillars with 
round, the larger that of those with flat ends, which is only 
7 1 lbs. greater than three times the former. 

The principle followed in the selection of lines from the 
Tables made above, is to include those only whose length was 
not less than thirty times the diameter. In pillars shorter 
than this proportion, the strength of those with round to that 
of those with flat ends is not in a constant ratio ; and it is 
found that it decreases when the length compared with the 
diameter decreases. 

This relation between pillars with round and with flat 
ends is of great practical interest : it disposes of the recom- 
mendation of Serlio (and of Tredgold after him), to round the 
ends of struts of timber, giving them circular abutting joints, 
which we see would be voluntarily throwing away two-thirds 
of the full strength of the material. It is true that from set- 
tlements, and other causes, the compressing force is liable, 
with flat-ended struts, to take a direction in the diagonal ; and 
from experiments, not yet mentioned, this would entail a loss 
of strength of about two-thirds. Notwithstanding, as this de- 
rangement or partial change in the position of the strained 
pieces may never occur, and may often be avoided, it cannot 
be prudent to give permanence and certainty to the contin- 
gency feared, by adopting at the first rounded ends. 

It also shows, conclusively, the value of a true and flat 
bearing in all parts of structures under a compressive force, 
and that the ends should be firmly fixed. Connecting rods of 
steam-engines, and all rods of parallel motions, and moving 
machinery exposed to compression, are instances in practice 
of pillars with rounded ends, for their circular bearings are 
equivalent to rounded ends, — they bending or turning on the 
joint-pin as upon rounded ends. 

Since, then, the strength of pillars with both ends roiyided, 
and both flat, is found to be in a constant ratio, it seems pro- 
bable, therefore, that the strength — when one end is fixed, 
and the other rounded — must be related to the results of the 
other cases by some very simple law. A series of experi- 
ments to test this truth, gave results as in the following ab- 
stract. The pillars specially used for this investigation were, 
for the most part, 30^ inches long, and either 0,78 or i inch 
diameter : — 
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Table showing the relative strength of the three kinds of Pillars^ as de- 
scribed below; the Breaking Weights in lbs. 



Both ends rounded, 

One ended rotmded and one flat, 
Both ends flat, or witli discs, . 


lbs. 

256 

487 


lbs. 
3017 

6278 

9007 


lbs. 
7009 

13499 
20310 


lbs. 
7009 

J 3565 
22475 


lbs. 
16493 

33557 


(Diameters, . . . 


0.50 


0.78 


1. 00. 


1.75 


( Lengths, .... 


60.5 


3025 


60.5 



The number 3017 is the mean of three, and 7009 of five 
experiments. 

The pillars in each vertical column in this abstract are of 
the same length and diameter. The strengths are obviously 
very nearly as i, 2, 3 in the three different kinds of pillars, — 
the middle being an arithmetic mean between the other two. 
Other experiments on wrought-iron, timber, and sted, have 
shown that this law obtains m these materials also. 

W e have already seen (p* 92 ) that a pillar one-half the length 
of another, of the same diameter, each having flat ends, has 
three times the strength of the longer. And as a pillar with 
rounded ends has but one-third the strength of one with iSat 
ends, it is evident that a long pillar with flat ends is of equal 
strength with ooe of half the length, and having round ends; 
the diameters being the same in each comparison, — the gain 
of strength from halving the length being compensated by the 
loss from rounding the ends. 

The case of the ultimate strength of pillars fixed at one 
end, and movable at the other, is not without its interest in 
practice : as piston rods of steam-engines and the rods of force- 
pumps are instances of the use of materials in that form, — it 
being the same thing in effect whether the jnUar be rounded 
at the. end, or turn upon a joint there. Other instances may 
often be seen in practice; as where pillars are firmly based at 
the bottom, but through imperfect fixings, or some other 
cause, are capable of moving at the top. 

The cause of the different strength of pillars, according to 
the form of the ends, as shown in this section, may in part be 
referred to their different mode of fracture. 

The pillar with rounded ends breaks at or very near the 
centre, and with one fracture. 
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The pillar with both ends flat, and parallel to the axis, 
breaks generally at three places — in the centre, and near each 
end. 

The pillar with one end flat, and the other round, breaks 
with one fracture, but at a point distant from the rounded 
end one-third of the length. 

A very strong analogy, as has been already mentioned, 
may be traced in the three cases, and that of beams laid ho- 
rizontally, — having either both ends lying free on the abut- 
ments, or both fixed ; and, thirdly, one end free, and the other 
built in or fixed on the abutment. 

The Plate opposite (page 102) represents each different 
form of piUar under the action of a yertical compressing force, 
and supposed deflected up to the point of fracture, — each hav- 
ing on one side a curve indicating the fracture. 

The following is Mr. Eaton Hodgkinson's suggested ex- 
planation of the different resisting powers of long pillars, 
under the variouys circumstances of length, and form of termi- 
nation : — 

" Suppose a long uniform bar, or bolt of cast iron, were 
bent by a jpressure at its ends, so as to take the form 
AbcdefB (Fig. 4 on Plate opposite, page 102) ; where all the 
curves AAc, ccfe, ^B, separated by the straight line AceBy 
would be equal, since the bar was supposed to be uniform. 
The curve having taken this form, suppose the points b and/* 
to be rendered immovable by some firm fixings at these points. 
This done, it is evident we may remove the parts near to A 
and B, without at all altering the curve bcdef of the part of 
the pillar between b and^ and consider only that part. The 
part bfy which alone we shall have to consider, will be equally 
bent at all the points 6, dyjl The parts c and c, too, are 
points of contrary flexure ; consequently, the pillar is not bent 
in them. These points are unconstrained, except by the pres- 
sure which forces them together ; and the pillar might be re- 
duced to any degree in them, provided they were not crushed 
or detruded by the compressing force. These points may 
then be conceived as acting like the rounded ends of the pil- 
lars in the Table § 124, page 86, and the part cde of the pil- 
lar, with its ends c and e supposed to be rounded, will be 
bearing the same weight as the whole pillar bcdefi of double 
the length, with its ends i/*firmly fixed. 

That the strain at all the points 6, d,fi& nearly equal, was 
shown by the experiments in the supplemental Table, page 90, 
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upon pillars varying in length from 6 ft. 3 in. to $ ft.^ and 
2 ft. 6 in. ; the fracture in some cases taking place at all three 
points at the same time, and in others at two of them, — show- 
ing the fracture to have commenced on opposite sides of the 
middle and of the ends, as might be infierred from Fig. 4, 
opposite page 102. The experiments on the 2 ft. 6 in. pillar 
are not tabulated in page 90 ; but in "Phil. Trans." for 1857, 
p. 886, it is stated that they broke in three places — in the 
middle, and at each end. 

130. Similar pillars of cast iron have their strengths, or 
breaking weights, very nearly as the square of the linear 
dimensions, — the power being about 1.865 ^^ *"^ average. 

The law of the strength of similar pillars maybe deduced 
from the results of the experiments in the same Tables, § 124 
and 125, which, from their excellent arrangement, and from 
the design of the experiments themselves, have been already 
found so fertile in practical consequences. 

Pillars are similar when their diameters are to each other 
as their lengths : thus the pillars in lines V. and XIII., § 125, 
are similar, — the diameters being 0.51 and 1.56 inches, and 
the lengths 20.166 and 60.5 inches, respectively, — the ratio 
being evidently 

0.51 : 1.56 :: 20.166 : 60.5 : : i : 3. 

That is, the one pillar is to the other, in lineal dimension, 
as I to 3 : their weights will therefore be as i^ to 3', or i to 
27; and examining the column headed "Weight of Pillar," 
we find that they are, respectively, 1 lb. if oz. and 29 lbs., — 
the latter being very little less than twenty-seven times the 
former. The breaking weights are 3830 lbs. and 28,962 lbs., 
being in the ratio of i to 7.562 ; these numbers being evidently 
a little lower than in the ratio of the square of i to 3, which 
would give 3830 to 34470. 

Let d and di be the diameters, and / and Zi the lengths of 
similar pillars, then as ^ : c^i : : / : f 1, we have alternando d:l :: 
di'.li. From this proportion we may, it is evident, express 
the lengths in terms of the diameters, thus Z = rd and li - rdi ; 

hence the strength varies as -^:^^ to -^:^,\ or, making 

rfl.87 ^jl.87 

the divisions, as --^ to —^ ; that is, subtracting the index 

1.63 from 3.55, we obtain 1.87. 

In the numerical example quoted above, the length 20.166 
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is equal to 40 x 0.51 ; and 60.5 is also equal to 40 x 1.56, so 
that r = 40. In the Table below, we have r in the successive 
comparisons equal to 15, 20, 30, 40, 60, 30, and 20. 

"We must, therefore, in the particular case above, raise the 
numbers representing the linear ratio of the two pillars com- 
pared to the 1.87 power, in order that they may have the 
ratio of the breaking weights. 

It i8 necessary to distinguish clearly between the linear 
ratio of the two pillars compared, and the ratio r of length to 
diameter in each particular pillar. 

^11 the comparisons of the similar pillars should, however, 
be calculated separately as below, and an average taken : thus 
let t represent the index to which the numbers expressing the 
linear ratio of two pillars compared must be raised. We have, 
then, comparing lines '7 and 8 in the Table below, 

I*: 3':: 3830 : 28962; 

or, dividing the two last terms by 3830, 

i': 3':: I : 7.562; 

and, therefore, 3* = 7.562, that is, t x log 3 = log 7.562, or 

log 7.562 0.8786367 

I s= , = = 1. 041 « 

log 3 0.477^213 

and in like manner were obtained the other numbers which 
give the average of ^ = i .865. 

Table showing the law of the strength of similar Pillar s^ or power of the 
lineal dimensions to which the Breaking Weights are proportional. 



No. 


Valae 
of r. 


compared in inches. iSches. 

( 


Brealdng weight 
ofpilIaiBinlD& 


Powers of the 
dimen8ion& 


I 
2 


15 


-3 

|l 
E s < 


' 0.497 
0.99 

0.76 


7-5625 


5,262 
19,752 


1.908 


00 

• 
M 

i 
1 

•s 
1 


3 

4 


20 


30.25 


9i2*3 

32,531 

6,105 

2'»,403 


1. 819 


1 


30 


0.99 
. 1.97 


30.25 
60.5 


2.057 


7 
8 


40 


f 


- 0.51 

156 


20.166 

60.5 


3,830 
28,962 


1. 841 


9 
10 


60 


0.50 
0,997 


30-25 

60.5 


1,662 
6,238 


1.9081 


II 
12 


30 


0.51 

I -02 


15.125 
30.25 

10.083 
20.166 


6,764 
21,844 


1.6913 


13 

14 


20 


0.50 
. 1.022 


8,931 
31,804 


1.8323 
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In the above Table, the pillars compared were from pat^ 
terns exactly similar ; the castings themselves, when measured 
by callipers having a vernier capable of reading to the third 
place of decimals, do not appear, in becoming cold, to shrink 
so as to be perfectly similar ; but the difference is too small to 
effect the truth of the result, and pillars from similar patterns 
ai*e taken to be similar. 

It is evident from the principle now established, namely, 
that the strength of similar pillars is nearly as the square of 
any lateral dimension, that the larger columns are, for the 
quantity of material they contain^ relatively weaker than the 
smaller : thus let the ratio of any homologous linear dimension 
of two pillars be 2:1, then the quantity of material in the 
larger will be 2^ greater than in the smaller, and its strength 
but 2^'®" greater. In other words, though its weight is eight 
times greater, it bears only about three and a half times as 
much. If the ratio be wi to i, then the above will become m' 
and »ii-8«« respectively. 

§ 130 (a). If pillars be so formed, as equally to resist being 
crushed by the breaking weight, they will be similar. 

We may express the crushing force of a pillar, too short 
to break by flexure, by cd\ representing the tons per square 
inch of the unit area by c, and the diameter by d. In all cases 
of fracture by flexure in long pillars, there is a partial crush- 
ing or crippling of the material by the force applied, in long 
and slender pillars much less than in those that are shorter in 
proportion to the diameter, let ncd^ represent that part of the 
ultimate strength of the transverse area (in a short specimen), 
which is the utmost it would, as flexible (in a long pillar), 
sustain without any apparent crippling or crushing. 

Then, since the strength of long pillars to resist fracture 
by flexure (with ends flat, and perpendicular to the axis) is 

42.35 j^ ; in tons (page 98) we have 

ncrf^= 42.35^. 
Hence / = /^lill? W3 ^ Jm ^ 

The quantity within the parenthesis raised to the index 
— -r- is constant, from the hypothesis of each of the pillars 
equally resisting crushing by that weight which causes frac- 
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ture by flexure. The index of rf, the division being carried 
out, iff 0.9203, so that / varies very nearly as the first power 
ofd; showing that, in the case of pillard equally Ibaded to re- 
sist crushing by the weight, the length to the diameter will 
be nearly in a constant ratio, Or the 'pillars must be similar^ 

. d* 

Had the strength been proportional to -^, then I would 

have been exactly proportional to d; or, if tbe fractional in- 
de? ofd had been greater than that of/ by 2, the same would 
occur. 

In computing the gain of strength to be derived from any 
modification of the form of pillars, it becomes necessary to 
compare the breaking weights of the same quantity of metal 
in the various proposed forms, — the difference in this respect 
pointing out the gain of strength obtained ; and, as an obvious 
simplification of the comparison, very easy to effect, the lengths 
of all must b6 made the same. As a standard of comparison, 
the cylindrical pillar is undoubtedly the best form to select^ — 
a greater number of experiments having been tabulated on it 
than on any other. 

It would, however, be almost impracticable to cast the 
pillar of proflosed improved form, so that it should have the 
exact weight (after being turned to the same length) of any 
cylindrical pillar in the Tables. We must, then, take the 
weight and breaking weight of some one of the uniform pil- 
lars tabulated, arid the weight of that of proposed figure, and, 
supposing this quantity of metal put into the form of a uni- 
form pillar, compute its breaking weight from that of the 
pillar selected from this Tables, — the lengths of all being the 
samel A comparison between this calculated strength, and 
that derived from actual experiment of the pillar of new figure, 
shows at once the gain of strength derived from its peculiarity 
of form. 

In order to make this calculation, we require to know the 
law of the strength of long uniform pillars, as dependent on 
their weight, — the length being constant. 

Now, if the length be the same, the strength of uniform 
cylinders varies as rf^**, and since the weight j' of a pillar is as 
the square of the diameter, or directly as the area, d varies as 

yi, whence the breaking weight varies as q'^^ or as q^""^ .(^^^is 
result applies only to pillars above a certain length: with flat 
ends, of a length not less than thirty times the diameter). 
Thus in hne V., Table § 124, p. 86, we have the weight 

p 
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of a pillar, 1.527 Inches in diameter, and 6oi inches long, 
with ends rounded, equal to 28 lbs. 7 oz., and its breaking 
weight equal to 10,755 lbs. To calculate the breaking weight 
of a uniform, round-ended pillar of the same length, and of a 
weight of metal equal to that of proposed figure, say 26 lbs. 
8 oz., we have, from the above law, the following proportion, 
reducing both to oz. : — 

oz. oz. lbs. lbs. 

455'*"- 4^'-":: 10,755 : 9530, 
the breaking weight of a uniform cylindrical column, 60.5 in. 
long, and weighing 26 lbs. 8 oz. 

It has been stated above, page 99, that long pillars of uni- 
form thickness, with both ends alike, always break first at or 
near to the middle : this was the case even when they had discs 
upon the ends, to give the utmost firmness to their fixings. 
It seemed evident, then, that the pillar was always too weak 
there ; Mr. Hodgkinson, therefore, proceeded to experiment 
on the effect,of strengthening the middle of pillars ; but as the 
ends could not be reduced at pleasure (which, if the diameter 
at the middle were unaltered, would be equivalent to a rela- 
tive strengthening there), since they would be crushed with- 
out bending, in the manner of the shortest pillars, line XXVI., 
XXVII., § 125, the alternative was adopted of increasing the 
diameter in the middle, leaving that of the ends the same ; 
and as it was best to make the experiments on pillars whose 
form was as simple as possible, models were made of the form 
of two frustrums of cones, the bases of which met in the middle 
of the pillar, the end diameter being i inch, and the middle in 
the different experiments ij, i^, if, and 2 inches, — the pillars 
being all of the same length, 60^ inches. The sides were 
formed rectilinear, and regularly tapering from the middle to 
the two ends. Fig. 30. 

In a series of seven experiments on these pillars — enlarged 
at the middle, and having rounded ends — there was a gain in 
strength of about one-seventh, when compared with a uniform 
cylindrical pillar of the same weight. In those with discs cast 
on the ends — 2 inches in diameter, and half-inch thick, turned 
flat — no gain in strength was obtained when the middle 
diameter was 1.30, compared with i inch at the ends; but 
when the middle diameter was 1.56 inch, compared with 
1.06 inch at the ends, the gain was between an eighth and a 
ninth. 

For example — a pillar with rounded ends, i .04 inch at the 
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ends, and 1.8; inches at the enlarged middle section, had a 
weight of 26 lbs. 8 oz., and a breaking weight of 1 1,069 ^"^^-j 
the length being 60^ inches. If it should occur that among 
the tabulated results the strength of pillars of this length, and 
of ends the same in form, one was found whose weight was 
26 lbs. 8 oz., then the direct comparison of the breaking 
weights gives at once the gain derived ; if not, we must calcu- 
late as above. Now, we have already found by computation 
that the breaking weight of a uniform pillar, weighing 26 lbs. 
8 oz., was 9530 lbs., and thus there has been a gain of 1 539 lbs., 
the difference between these two, in favour of the pillar with 
enlarged middle section, and 



^539 
1 1 ,069 



7.192 



or rather less than a seventh. 



13 1. A series of experiments was undertaken to determine 
whether the law of the strength of square prisms was identical 
with that of circular pillars, hitherto only tried, and which are 
in many points of view more convenient to employ in experi- 
mental investigations, especially as the square or rectangular 
bars always bend in the vertical plane passing through a dia* 
gonal. 



Table showing the Breaking Weights oflong^ uniform^ square Pillars 
of Cast Iron, to a Force of Compression^ the Ends being rounded. 







Length 60.5 


inches. 








Low Moor Iron, No, 3. 






Dimensions of 

Section 

or Side of Square. 


Mean Weight 

of 

Pillar. 


Mean Deflection 

at 
Middle Height. 


Mean 

of Breaking 

Weights. 


I 


Inch. 
0.7716 


lbs. oz. 

9 3* 


Inch. 
.... 


lbs. 
1269 


2 


1.0275 


16 3i 


044 


3968 


3 


1.540 


35 »Si 


0.42 


16127 



Comparing together, as in page 93, the ultimate strengths 
of the pillars whose sides are respectively 
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0.7716 and 1.0275 gives m = 3.9830. 
0-771^ »> 1-540 M »* = 3?6789. . 
1.0275 j> i'54o »» wi = 3.4698. 



Mean m *= 3.7105. - 

In the Table § 124^ page 86» containing the experiments 
on long uniform cylinders of cast iron, ends rounded, we will, 
on computing, obtain as the mean of all the comparisons, ex^ 
eluding only, those pillars whose length was not greater than 
fifteen times the diameter — m- 3^736; and therefore we may 
conclude that whether the pillar be circular or square, the 
power of the thickness to which the strength is proportional 
is nearly the same. And we .may also conclude that the same 
value of m would be obtained for any other intermediate form 
of section, such as a hexagon, &c., &c. 

It would appear to be otherwise, however, as regards the 
comparison of the breaking Wjcights of circular, squar^, and 
iriangular pillars, t^vinjg equal weight of metal,, and the sanie 
lengui. In the" Appendix to tis paper, Phil. Trans., 1857, 
p. 893, Mr. Hodgkinson gives In detail experiments on pillars 
of cast iron, Calder iron. No. 2, of a circular, square, and 
triangular section, the weight of each being nearly 150 lbs.; 
and length 10 feet, with flat ends. The following is an ab- 
stract of the results : — ' 

Circular pillars, mean, 55*299. 
Square do., .... . 515537. 
Triangular do., . . 61,056. 

Each being an average of two experiments. The actual break- 
ing weights were reduced in the proportion of the weight of 
the pillar to 150 lbs., which was the weight of one of the pil- 
lars, 10, feet long, and 2^ inches diameter. 

One of the two triangular pillars, the average strength of 
which is given above, had the compressed part and place of 
firacture along the side, breaking with 57^332 lbs.; the other 
broke by the compression of the edge, showing a greatly in- 
creased strength, namely, aji ultimate strength of 64,780 lbs. 
The iron in the edge, being harder than in the thicker parts, 
P- 8, § 13, would offer greater resistance to crushing than in 
them, and hence the strength of the pillar would be increased. 
Moreover, in this form of pUlar, if the edge be the part crushed, 
it is at a greater distance from the centre of the section than 
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in the others ; and we have already seen, p. 77 j § 1 1 o, that cast 
iron has a power of resisting crushing about six times greater 
than that to resist tearing asunder. From these and other 
causes the greater strength of a solid triangular pillar of cast 
iron, above those of the other two forms, may be inferred; a 
conclusion which may not be without importance in some ap- 
plications of the metaL 

Pillars of various other .forms, and different modes of 
placing^ haye also been experimented upon, — the results from 
which will be given in the sections on Hollow Pillars. 
: 132. The preceding experiments and deductions have been 
made upon solid pillara only, as these, onaccount of their greater 
simplicity^ are not only more easy to be cast than hollow ones, 
but present fewer difficulties in experimenting upon, and in 
deducing conclusions. Solid pillars may be made as small as 
may be desired, but this 13 not the case with hollow ones. 
These require great care on the part of the moulder, and are 
consequently expensive. The first hollow pillars used in the 
follQwingi experiments were^ caBtin a horizontal position ; but 
it was found impracticable in this way to keep the core in the 
centre of the casting, and therefore several of the first pillars 
were de^^ctive, in having one side much.thicker than the other, 
9& well as having many air-bubbles in them. These causes 
tended to diminish the strength of the pillars^ and will ac- 
count for some results in the following Table, §§ 134, 135, 
being lower than they otherwise would have been. The cir- 
cumstance of some of these pillars being much thicker on one 
side than the other, gave an opportunity of observing what 
falling off in strength arose from that cause, which is one to 
which jQast.iton pillars, as used in praotice, must be very lia- 
ble, though UQt soi much sO d.sin these experimental castings. 
They have thejrefore been. tabulated with the others, as hav- 
ing some practical interest; and it is gratifying to find that a 
matter which would seem to destroy all confidence in a pillar 
does not produce a igreat reduction: in the strength. The 
cause seemed to be this : in almost every case, where pillars 
were much thicker, in. the middle, on one side than the other, 
the thin side was tihat which was compressed; and as cast iron 
resists fracture by compression, with (on the average) about 
0ibc times the force that it Desists tension, the pillar seldom 
gave way .by compression, and therefore bore nearly as much 
aSfit would ha^e done if of equal thickness on both sides. 

If the thick side of the pillar had become that which was 
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compressed, which seems as likely as otherwise, the strength 
would probably have been much decreased. But the circum- 
stance of the thin side haying been so often the compressed 
one, must apparently have arisen from some general cause. 

The difficulty of obtaining good uniform hollow castings 
was met in the remaining pillars by having them cast verti- 
cally, and in dry sand ; and this, together with great care, 
produced good castings, though the core could not always be 
kept in the centre towards the middle of the pillar. Fig. 29. 

The greatest length of pillar to which the first apparatus 
was adapted (Phil. Trans., 1 840) was about seven feet six 
inches ; the length, namely, of the cast-iron box or frame in 
which the pillars were broken being a length half as much 
again as the greatest which was used in the experiments on 
solid pillars. As in the former experiments the five-feet pil- 
lars had, by a mistake in the commencement, been made half 
an inch too long, an anxiety to avoid error, however slight, 
led to the leng^s of all the shorter pillars being made exact 
subdivisions of the longer ; this entailed upon all the future 
experiments fractional lengths, which were introduced into the 
first series of experiments on hollow cylinders, in order to 
make them exact multiples of the former. The subsequent 
experiments (Phil. Trans., 1857) were extended to a length 
of ten feet, by using the larger and more powerful apparatus 
which had been constructed for experimenting on the resis- 
tance to compression of wrought iron tubes in the preliminary 
inquiries on the Conway bridge. Fig. 25. 

The length of the hollow pillars, of the first series of ex- 
periments was, therefore, made 7 ft. 6| inches ; and it was in- 
tended that their diameters should be as varied as possible, 
both for theoretical purposes and the application of their re- 
sults to practice. There were difficulties, however, which 
militated against the execution of this plan. The external 
diameter of the pillars could not be reduced at pleasure ; the 
internal must be large enough to admit a small hollow me- 
tallic tube, covered over with a thin stratum of loam, tied to- 
gether with vegetable matter, the tube being peribrated in 
every part with holes, and having its internal diameter large 
enough to allow the gas and steam to escape. 

Through these causes, the smallest pillars which could be 
cast of the length of 7 ft. 6| in., were i J inches external diame- 
ter, and I J internal. On the other hand, the experiments 
were bounded, in the largeness of the diameters, only by the 
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power necessary to break the pillars. The apparatus by which 
the first series of experiments on hollow pillars was made con- 
sisted of a single lever, whose greatest multiplier was 7 or 7 J 
to I , and limit of strength the production of a pressure of about 
18 tons; and in one of the experiments on hollow pillars (line 
15 of the Table, p. 1 14), when an additional lever was added 
to the former, the weight applied was 22^ tons. 

For these reasons, the variation in the diameters of the 
longest hollow pillars was necessarily small, particularly in 
those with fiat ends, of which the largest external diameter 
was about 2^ inches (line 15, Table, § 134), this requiring up- 
wards of 18 tons to break it. In this the length of the pillar 
was 40 times the external diameter, and therefore might be 
considered as representing only the longest and slenderest pil- 
lars used in practice. In this matter, however, recourse was 
had very ingeniously to a truth which, as has been Already 
mentioned, was discovered early in the investigation of the ul- 
timate strength of solid pillars, namely, that the ratio of the 
strength of those with rounded ends to that of those with fiat 
ends was nearly constant, and about as i to 3, and this in a 
range from the slenderest pillars down to a certain ratio of 
diameter to length. 

It was, therefore, determined to pursue the experiments 
upon these hollow pillars (putting solid hemispherical caps 
upon the ends), increasing the diameters by small degrees, the 
length being the same, till they could be no further broken by 
this apparatus. 

In this way the external diameter was varied from i .74 inch 
to 3.36 inches, the former having sunk with 571 1 lbs., about 
2^ tons, and the latter with 50,477 lbs., or 22^ tons. In the 
largest pillars of the experiments, published 1840, line 14, 15, 
Table § 134, the ratio of the length to the diameter was re- 
duced to 27 to I. To pursue the matter further, it now be- 
came necessary to reduce the length of the pillars, because 
when that was done, the internal diameter could be reduced ; 
and thus the external might be cast so small, that the strength 
of the metal in the pillars would be overcome by the power at 
command. Several of these pillars were turned outside and 
bored within, to make their dimensions as uniform as pos- 
sible. By adopting pillars of smaller size than before, it was 
possible to render them as short, compared with the diame- 
ters, as might be wished, and thus obtain specimens of most 
of the varieties used in practice. A Table containing an ab- 
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stract of these experiments on shorter pillars will be given in 
the diseussion of the strength of pillars of length intermediate 
between those which) are long enough to be destroyed by flex- 
ure, and those which. are so short as to yield by crushing,' 
and to which neither the laws of the strength of long pillars 
nor those of short specimens apply (page 82, § 1 18). 

The following Tables, §§ 134, 135, contain an abstract 
of the results of experiments upon long hollow uniform 
cast iron cylinders, with an experiment or two in each upon 
solid cylinders of the same length to compare with them. The 
cylinders were always cast with great care, -and were either 
perfectly straight or they were rendered so in the lathe, where 
their «nds were turned flat and parallel. The pillars intended 
to be used with rounded ends were made about two inches 
shorter than the rest^ or 7 feet 4I inches long, in order to allow 
room for the rounded caps upon the ends, as before men- 
tioned, the whole length of the pillar with caps being 7 feet 
6| inches. - 

133. ''In solid cylinders of the same material, the strength 
to resist breaking varies according to some constant power m 
of the diameter, the length of the pillar and form of the ends 
being the same. Thus, the strength varies as cf*, the diame- 
ter being represented by d. In cylinders with flat ends, 
m » 3.$ nearly; and in those with round ends the same me- 
thod of investigation (which it was not thought necessary to' 
quote in detail) gave m = 3.76 nearly. 

According to the mathematical theory already mentioned, 
page 85, the strength of a hollow cylinder to resist incipient 
flexure varies as the difference of the fourth .powers of the 
external and internal diameters, or ei* - rfi*, where d and d^ are 
the external and internal diameters. 

It appeared probable that this ratio, modified by changing 
the indices to the results of the experiments on solid pillars, 
might agree with those on: hollow ones. This was tried in the 
manner shown below, and found to answer very satisfactorily : 
so that we have 

Strength as rf^** - di®S in pillars with flat ends. 
Strength as d'*^* - (fi' "'% in pillars with rounded ends. 

If, then, from a measured external and internal diameter, 
and height of pillar, together with the breaking weight expe- 
rimentally determined, as data, we calculate the breaking 
weight of a solid pillar of the same length, and one inch dia- 



LONG HOLLOW PILLARS. 1 13 

meter, it will be found that this, so calculated, breaking weight 
is constant, provided the law of the strength of hollow pillars 
above enunciated is correct. 

The strength of the solid pillar one inch diameter, with 
flat ends, may be expressed under the form i'*' - o'**; and 
hence, if W be the ultimate strength (known by experiment) 
of a hollow pillar, whose external and internal diameters are 
d and d„ we have the strength W of a pillar, one inch in dia- 
meter, and the same length as the hollow pillar, by the pro- 
portion 

^.6 . ^^8.6 : 18.6 _ 088 : : W : W, 

so that 

W 

w 

^.6 _ ^j8.6- 

Thus, on the supposition of the breaking weieht of any hollow 
pillar being proportional to the difference of the 3.5*^ powers 
of the external and internal diameters, the value of W' should 
be constant. The results of many experiments gave an agree- 
ment as close as those of solid pillars, the weakest being but 
one-tenth below the mean. 

And from this calculated value of W we can compute the 
breaking weight of a solid pillar, i ft. long and i inch in dia- 
meter, on the supposition of the strengths being inversely as 
the 1.63 power of the lengths. The results of this calculation 
are given in the columns headed " Value of the constant a;." 

As an example of the calculation, let line 19, page 115, 
be taken, we have then 

W tP^^a-T. = °-947 tons, 

as the log of 3.532 is 0.54802, which multiplied by 3.5 is equal 
to 1.91807, answering to 82.81, in the same manner the in- 
ternal diameter raised to the 3.5*'' power is 30.656, the diffe- 
rence being 52.154, which divided into the breaking weight 
gives W as above, the breaking weight of the solid pillar 
10 fb. long and i inch in diameter. And again, 

,1.63 . iQi.ea : : W' : ^; 

or since 10^" = 42.658, 

X = '\, '^ = 40.4 tons, 
42.658 /* 

as in column 8. ^ 

Q 
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134. Table showing the ultimate Resistance of Hollow Cylinders of Cast 
Iron. — Phil, Trans. ^ 1840^ Part I. — Hollow PiUars^noviiDED at Ends 
by Hemispherical Caps. Length pof in. - ^ ft. 6^ in. 

Low Moor Iron, No. 3.— Dry Sand. 



I 

2 

3 
4 
5 



6 

♦7 
♦8 

9 

10 

II 
12 

13 

»5 
16 



DiAmeten 

in 

Inches. 

External. IntemaL 



1.78 
1.74 
2.01 

2.33 
2.23 



1. 21 
1.187 

1. 415 

1.70 

1.54 



2.24 
2.24 
2.49 
2.47 
2.46 

a.73 
2.74 
3.01 

3.36 
3.36 



Solid. 
2.24 



1.735 

1.58 
1.89 

1.98 

1.855 
2.17 

a. 155 
2.48 

2.823 

2.63 



Area of 


Weight 


Transverse 


Section in 


Pillar, 


Sq. Inches. 


in lbs. 


1.34 


31 


1.27 


30} 


1.60 


36i 


1.99 


4^* 


2.04 


47 


1.58 


341 


1.98 




2.07 


48i 


1. 71 


41 


3.05 


^ 


4.31 


48 


2.*5 


5»r 


2.30 


5oi 


2.61 


59 


3.44 


77} 


3.94 


93 



Breaking Weight, 
in lbs. in Tons. 



5585 

57" 

8357 
15089 

12389 



2.49 

a. 55 

3.73 
6.74 

5.53 



Pressure 

per 
Sq. Inch, 
in Tons. 



13341 
I39U 

19855 
19003 

19147 

23963 
27883 

26707 

40973 
50477 



5.96 
6.22 
8.86 
8.48 

8.55 
10.70 

".45 
11.92 
18.30 

22.54 



21281 s 9.50 



1.85 

2.00 

i.33 
3.38 

2.70 



3.79 

3-14 
4.28 
4.96 

4.17 
2.48 

5.53 

5.19 

7.01 

6.55 
2.41 



Deflectton 

at 
Centre, 
in Inches. 



0.49 
0.48 

0.75 
0.72 

0.69 



0.38 
0.21 
0.52 
0.62 
0.65 
0.70 
1. 10 

0.75 
1. 10 

1.07 
0.25 



Value 

of the 

Constant x, 

in Tons. 






s 



I 
.a 



I 



Experiments on larger Pillars. — Philosophical Transactions, for 1857, Vol. 147. 

Low Moor Iron, No. 2. 
Length, mih rounded Caps, 10 feet 2 inches. 



'9 

20 



3.532 2.659 
3.555 2.693 



4.25 
4.23 



130 
128^ 



45956 = 20.51 
43537 = 19-44 



4.82 
4.60 



1.37 
i.4o 



Lines i» 2, 3, 5, 19, 20, in the above Tables, §§ 134, 135, are on pUlare identical, except in 
the form of the ends ; the other lines of the same uambers have no correspondence. 



t This includes the results of the defective castings, and one very short pillar. It would other- 
wise have been above 14 tons. 
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135. Table showing the ultimate Resistance of Hollow Cylinders of Cast 
Iron. — Phil.Trans.y 1840, Fart L — Hollow Pillars^ flat at the Ends, 
Length 7 ft 6| in. 

Low Moor Iron, No. 3 — Dry Sand. 



Diameters 

in 

Inches. 

External Internal 



•2 

•3 

4 

*5 



♦6 

7 
8 

9 

10 



II 
12 



1.78 I. 21 

1.74 1. 187 

2.01 1. 415 

2.23 1.54 



1.76 

1.75 
2.04 

2.01 
1.99 



Solid. 
1.76 
1.72 



1. 18 
I. II 
1.46 
1.368 
1. 31 



Area of 
Transverse 

Section 
Sq. Inchea 



1.34 
1.27 

1.62 
2.04 



1.34 
1.44 
1.60 

1.70 
1.76 

2.43 
2.32 



Weiffht 

Pillar, 
in lbs. 



31 

30* 
36* 

47 



[ 



32 
35i 
371 
39 

53* 



Breaking Weighty 
in lbs. in Tons. 



17840= 7.96 
16705 = 7.46 
28353 = 12.57 

40569 = 18.22 



16745 

20957 

32413 
30789 

27067 



7.47 

9- 36 

14.47 

13.74 
12.08 



Pressure 

per 
Sq. Indi, 
in Tons. 



5.95 
6.26 

7.86 
8.90 



23179= 10.35 
21995= 9-82 



5.60 
6.50 
9.04 
8.08 
6.86 

4.26 
4.23 



Deflection 

at 

Centre, 

in Inches. 



0.66 

0.54 
0.25 



Value 

of the 

Constant x, 

hi Tons. 



0.54 

0.55 
0.52 

0.53 
0.90 

0.65 
0.65 






38.62 

39- 36 
41.76 

40.97 



37.10 
44.81 

45.13 
43.65 
38.25 

38.71 
39.81 



Experiments on larger Pillars. — Philosophy Trans, for 1857, ^^^' '47' 

Low Moor Iron, No. 2. 











Length, 10 feet. 










15 
16 

17 
18 


2.513 
2.520 

3.021 
3.035 


1. 941 
1.903 

2.354 
2.354 


2.00 
2.14 
2.82 
2.88 


60). 

64i 

89i 
88 


34804=15.54 
39166= 17.48 
66259 = 29.58 
69932 = 31.22 


7.77 

8.17 

10.49 

10.84 


1. 00 
1. 16 
0.93 
0.91 


44.27* 
46.92 
45.21 
47.09 




19 

20 


3.532 

3-555 


2.659 
2.693 


4.25 
4.23 


130 
128^ 


110649 = 49.39 
114479 = 51.11 


11.62 

12.08 


I 00 
0.80 


40.40 
41.40 


1 


21 
22 


3.804 
3.819 


3.17 
3. 211 


3.47 
3.34 


io6f 
99* 


107403 = 47.95 
95519 = 42.64 


13.82 
12.77 


0.48 
0.24 


40.52 
36.73 


1^ 

• 






i 


Solid urn 
Lo) 


form PiUars^ 10 feet lonff, 
n Moor Iron, No. 2. 


1 






1 


23 
24 


2. 
2. 


553 
539 


5.12 

5.07 


159* 
»59 


55973 = 24.99 
55973 = 24.99 


4.88 
4.93 


1.23 
0.79 


40.09 
40.87_ 
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136. In the Tables given above, § 134, 135, are arranged 
the results of experiments on long hollow pillars; page 114 
containing those rounded at the ends, and page 115 those 
turned flat and perpendicular to the axis, and in each are in- 
cluded the last experiments oa columns, Phil. Trans., 1857, 
approaching nearly 4 inches external diameter, and 10 feet in 
length, with breaking weights of nearly jo tons. The pillars 
are tabulated very nearly m the order of their strength, both 
through those of 1840 and of 1857. 

The first column in each Table contains the number of th,e 
experiment; lines i, 2, 3, 5, 19, 20, in § 134, being the same 
pillars as in the like numbers in § 135. 

The second column, in giving the internal diameter of the 
pillar, gives it as calculated, as well as measured. This was 
done because there was a great diflSculty in measuring cor- 
rectly the internal diameters, which were in some degree irre- 
£^ular. The weight of a solid pillar of a certain diameter and 
Iven weight beif g known froiS a mean of three experiments, 
and the weights of the hollow cylinders of the same length as 
the solid pillars, together with their external diameters, being 
also known, from these data the internal diameters of all the 
cylinders were computed, and a mean between the calculated 
and the observed results was taken for the internal diameter. 
This extra trouble was taken, as it was thought desirable to 
avoid every possible inaccuracy in experiments which, from 
the labour and expense attached to them, were not likely soon 
to be repeated. Thus, if on trial it is found that a solid pil- 
lar, 10 feet long, and 2^ inches in diameter, weighs 150 lbs., 
and the external diameter of a hollow cylinder of the same 
length, measuring 4 inches, has a weight of 120 lbs., from 
these data we maj^ determine the internal diameter a:, and the 
thickn^s of the nng as follows. The weight of a solid cylin- 
der, 4 inches diameter, is found from that of 2.5 inches, by the 
proportion 

2.5' : 4' : : I JO : 384 lbs.; 

and if we deduct the weight of the ring, 120 lbs., from this, 
we evidently have the weight of a solid pillar whose diameter 
is the internal diameter of thjB hollow cylinder : thus, 

384 - 120 « 264 lbs; 
and again, 

150 : 264 : : 2.5^ : x^; 



LONG HOLLOW PILLARS. II7 

80 that 



V i?< 



■ = 3-366, 



so 

and the thickness, which is half the difference of the diame- 
ters, is equal to 

(4 - 3*3 166) -f- 2 = 0.3417 inch. 

The internal diameter in line No. 9, Table page 115, is given 
as I •368 inches; by measure it was i>330, and by calculation 
1 .407, the mean being as above : this appears to be the highest 
difference recorded between the measured and calculated dia- 
meters. 

The third column contains the area of the transverse sec- 
tion of the pillars, showing the gradual increase of the pillars 
in the successive experiments, and will be interesting as show- 
ing the great difference between the ultimate crushing strength 
of such area, and the actual breaking weights of the long hol- 
low pillars, found by multiplying the area by 42 tons, as the 
mean crushing strength. 

The fourth column gives the weights of the pillars^ and 
like the third shows the increasing magnitude of the experi- 
mental pillars ; and by comparing the weights and breaking 
weights, with the weights and breaking weights of solid pillars, 
shows the advantage of throwing the material into the form 
of a hollow pillar: thus in line 24 of the Table page 115, we 
have a solid pillar weighing 159 lbs. broken with 25 tons, and 
in line 22 a hollow pillar of 100 lbs. weight, or less than two- 
thirds, broken with 42.64 tons. 

The fifth column contains what is denominated the breaking 
weight, but which, in some cases, means only that weight which 
was sufficient to overcome the greatest resistance of the pillar. 
This was frequently attained when a long pillar had been bent 
through a space not exceeding its radius. From the first ex- 
periment on long hollow pillars with rounded ends, it was 
evident that so little flexure of the pillar was necesssary to 
overcome its greatest resistance' (and beyond this a smaller 
weight would have broken it), that the elasticity of the pillar 
was very little injured by the pressure, if the weight was pre- 
vented from acting upon the pillar after it began to sink 
rapidly, through its greatest resistance being overcome. By 
attending carefully to this point, the pillar was frequently 
saved uninjured for another experiment. The small flexure 
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it had got was straighteDed, and the rounded ends being re- 
moved, the pillar, with its flat ends well bedded against the 
crushing surfaces, was broken, and thus the comparative re- 
sults in lines i, 2, 3, 5, 19, 20 in Tables §§ 134, 135, p. 1 14 
and 115, were recorded. 

The sixth column is the quotient obtained by dividing the 
area by the breaking weight ; and although it is known, § 138, 
that only part of the transverse area is imder compression in 
long pillars, it was yet deemed useful to tabulate the results ; 
for they show, in some degree, how small a part of the ulti- 
mate crushing resistance is borne by flexible columns, and also 
how considerable is the increase with the better forms of hol- 
low pillars. 

The seventh column gives the ultimate central deflection, 
and shows (with considerable irregularities, however), that it 
increases in some degree with the radius. 

The eighth column is the strength of a solid pillar ifl. long 
and I inch diameter, as computed from the breaking weights 
and dimensions in each particular experiment, on the supposi- 
tion that the strength is as the diameter rabed to the index. 
3.5, or, if hollow, the internal subtracted from the external 
diameter, each raised to the same index above, and as the in- 
verse length raised to the index i .63. 

137. It has been already sho^vn in pages 106, 107, that a 
solid cylindrical pillar, with rounded ends, and enlarged in the 
middle of its length, was stronger than a uniform pillar of the 
same weight. There seemed little doubt that the same would 
be the case in hollow pillars, or that a hollow pillar with an 
enlarged middle, having the metal everywhere of uniform 
thickness, would be stronger than a hollow uniform pillar of 
the same weight and thickness of metal. To form these pillai's 
with much regularity in small experimental castings, would 
have been difficult ; but some idea of the influence of increasing 
the middle might be obtained by reducing the thickness of the 
uniform pillars, near to the ends, leaving the middle the same. 
The pillars in lines 7 and 8, with an asterisk, page 1 14, in 
which the ends were rounded, were reduced in the following 
manner. The pillar was reduced to half its thickness of metal, 
in a band two or three inches broad, near to each end, and to 
three-fourths of its thickness, in a similar band, about half 
the distance between the middle and each end Fig. 32. These 
pillars did not break in the reduced parts ; and from the results 
it would seem doubtful whether the strength had been in any 
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degree lessened by the partial reduction of thickness. If' this 
reduction had been carried uniformly on, decreasing from the 
ends to the middle of the pillar, leaving it the same there, the 
pillar would have had but three-fourths of the metal in it, and 
its strength would perhaps have been but little decreased. 

In the Table page 115 the lines, with an asterisk, 2, 3, 
5, 6, were reduced in the manner above described, by having 
portions cut away from each. These never broke in the re- 
duced parts first, except in one instance, line 6, and that broke 
half-way between the middle and the ends where it had been 
reduced somewhat more than one-fourth, which was the in- 
tended reduction. It would appear that the mean of those 
not reduced was about == ^^th stronger than those which had 
been so, leaving it doubtful whether reducing the thickness 
towards the ends in hollow pillars with flat ends, effects any 
saving in the metal. 

The average " Value of «" in the experiments of 1840, 
Table page 115, the pillars having flat ends, is 40.75, very little 
short of three times that of those with round ends, page 1 14, 
namely 14 tons. 

It will be perceived that the breaking weights in lines 19 
and 20, Table § 134, are greater than one-third of the same 
lines and same pillars, (but flat at the ends) in Table § 1359 
arising in a great measure from crushing of the plates, between 
which they were compressed, and from that also of the rounded 
ends of the pillars themselves, through the great weight re- 
quired to break them. 

The pillars, lines 21, 22, page 115 were cast 4 inches ex- 
ternal diameter ; and this dimension being deemed beyond the 
power of the apparatus to break, they were turned on t!he out- 
side to reduce them. The great reduction in strength pro- 
duced by taking away the external crust shows that, to orna- 
ment a pillar, it would not be prudent to plane it. The pillar 
in line 22 had, however many flaws in it. 

138. The fractional indices for the powers of the diameter 
and length, namely, 3.5andi.63, to which the ultimate strength 
of long pillars is proportional, as obtained by experiment, do 
not, in reality, contradict the results of theory. It has been 
mentioned, §§ 123, 126, that the objects in view of the expe- 
rimenter and the mathematician were diflerent at starting : the 
latter supposed the material of the pillar to be incompressible, 
or, in other words, that in bending, no part of the transverse 
section of the pillar was under compression ; all was under 
tension, and resisting lateral flexure, Now, in the experi- 
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ments tabulated, page 87, even the very slender columns were 
found, in the act of breaking, to have had a portion of the 
transverse area compressed ; and as the ratio of the length of 
the pillar to the diameter was decreased, that is, as it became 
shorter in reference to the diameter, it was found that the 
part sustaining tension, compared with that in compression, 
successively decreased, and finally became much the smaller. 
Fig. 33. The following statement is selected from pillars in 
Table, § 125, page 87 : — 

Ritio of Ver-Sines ^^^^ ^ length 

of Segmente under ^ Diameter 

Tension. Compression. 

Line V., 3i to i, 40 to i. 

„ X., il to I, 30 to 1. 

„ XIV„ i| to I, 26 to I. 

„ XX., I to I, 15J to I. 

„ XXIV., 1^ to I, 10 to 1. 

„ XXV., § to I, 7^ to I. 

Thus the breaking weight must depend on the resistance 
to crushing, as well as on that to flexure. 

These numbers are in the ratio of the versed sines of the 
arcs of the parts under tension and compression respectively. 

The neutral line was indicated in some cases by the depth 
of the wedge, which broke out on the compressed side, and in 
others by a crack separating the two surfaces. Though, strictly 
speaking, the neutral line on the transverse section of a cylin- 
drical pillar is a curve, and not a straight line, the above ratios 
have been adapted, so that it may be considered to be such. 
It is plain, therefore, that the actual circumstances of loaded 
pillars are very different from that assumed in Euler's theory; 
and, so far from there being no compression, we find that, in 
cast iron, the transverse area under tension is, in the case of 
very short pillars, much less than that in compression. 

It is equally important to observe that, in proportion as 
the circumstances of any experiment approached to that of the 
theoretical hypothesis, so the fractional indices of the in- 
verse length and of the diameter approached the limits of 2 
and 4 respectively. Thus, in pillars with rounded ends, § 1 24, 
comparing the strengths of those of 60.5 inches long with 
those of 

30.25, 15. 125, 7.5625, 3.78125 inches long, 
we have 71 = 1914, 1.867, 1.734, 1.681, 
and 539, 1,904, 5,262, 15,107, breaking wts. in 

lbs. respectively, the diameter being 0.50 inches in each case. 
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In the pillars with flat ends, § 1 25, comparing the strengths 
of those 60.5 inches long with those of 

30.25, 20.166, 15.125, 12.1 inches long, 
we have n = i.843, i«682, 1550, 1.424, 
and 8,811, 15,581, 21,509, 24,287, the breaking 

weights in lbs., the diameters being 0.77 inches. 

Though the value of n in the above series never rises so 
high as 2, yet we see that it approaches to it as the breaking 
weight becomes smaller, and the part of the transverse section 
in compression smaller also, which facts, combined with the 
regular increase of n as the breaking weight is diminished, 
show that 2 is the value to which n would approximate if the 
breaking weight were indefinitely small, or the body perfectly 
incompressible. 

In like manner the power of the diameter m approximates, 
but never rises up, to 4 in pillars so long with respect to their 
diameter that the breaking weight is very small : that is, in 
pillars whose breaking weight was so small that it produced 
little or no compression on the transverse area, then the index 
will arrive at the theoretical value of 4. The Tables, pages 
93, 94, 95, point out very clearly the gradual increase of m as 
the breaking weights compared are less. So that we may 

conclude that -=^ represents the limit to which the fractional 

indices both of d and / tend ; and in this, as in all other cases, 
the discrepancy between practice or experiment on natural 
results, and theory, resolves itself into a discrepancy between 
the primary hypotheses of the mathematician and the actual 
causes and conditions at work, which are always more nume- 
rous and complex than the assumptions of the philosopher. 

In this particular case of cast iron pillars, the compressibility 
of this material was not taken into account ; and the existence 
of a neutral line, dividing the transverse section into parts, act-^ 
ing with a totally different manner of resistance, one part 
being in compression, and the other in tension, and which line, 
moreover, changed its place as the pressure increased, were 
unsuspected, and found no place in the data. It has been al- 
ready mentioned, page 88, that the theoretical law of the 

strength, ^, was, notwithstanding, of great service in arriv- 
ing at the true value of the indices ; and in one material, tim- 
ber, we find the power of the diameter so near 4, that it may 
be assumed to be equal to that number. Indeed, experiment 

R 
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and theory mutually confirm each other ; since, in proportion 
as the conditions of any experimental pillar approach the sup- 
positions of theory, so the fractional indices approximate to 

the value •^; If, then, the power of the diameter to which 

the strength is proportional range between 4 and 3.12 (which 
is the lowest observed), and that of the inverse length from 

2 down to 1.4, what is the meaning of the law j^ and 

— ^ ^ for solid and hollow pillars, respectively, which have 

• 

been determined upon in the previous pages? Manifestly 
each is only an average of the results of experiments taken be- 
tween limits which, excluding all that were too short in pro- 
portion to the diameter, yet mcluded the most usual propor- 
tions found in practical construction. 

In order to facilitate the calculations necessary in design- 
ing cast iron pillars, a Table of the 3.5*** powers of the more 
usual diameters is given afler the Practical Application of 
Cast Iron in Compression ; and also the areas of the circles 
with those several diameters are added in the same line. 

139. We are thus led to the consideration of the third 
set of distinct laws which govern the strength of columns, 
already mentioned in § 118, pp. 82, 83, namely, that which 
obtains in the lengths between about 5 diameters, below which 
the strength is constant, and about 30 diameters, above which 
it diminishes inversely as the 1.63 power of the length. Does 
the law of the strength, then, change per saltum at these 
limits ? Such a conclusion would be directly contrary to all 
analogy : the lines of demarcation mentioned are mere arbi- 
trary divisions, but on either side of which the strength alters 
in a marked degree. 

The following Table, taken from the shorter pillars in 
Table, § 125, shows the falling off in the calculated value of 
the constant x, the lengths being in every case less than 30 
to 1: — 
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140. Table showing the falling off in the calculated Value of 
the Constant Xy in Pillars shorter than 30 times the Dia^ 
meter, — Ends flat. 



Diame- 
ters. 


Lengths. ^v. 

1 


Ratio 

of 
ameter to 
Length. 


Breaking 
Weights. 


Per 

Sq. Inch 

of 
Section. 


Value of 


Inches. 


Inches. 




lbs. 


Tons. 


lbs. 


0.77 
0.50 


20.166 I 
I2.I I 


: 25.95 
: 24.20 


15,581 

7.^95 


14.7 
16.4 


92,224 
85,467 


0.50 
1.022 

0.775 


10.083 ' 
20.166 I 
15 125 I 


: 20.166 
: 19.732 
: 19.516 


8,931 
31.804 

21,059 


20.3 

'7-3 
19.9 


77»8i7 
7'»i54 
77.H1 


0.785 

0.50 

1.00 


I2.I I 

7.5625 I : 
15.125 I : 


I 15.414 
: 15.125 
: 15.125 


24,287 
40,250 


22.4 
25.6 
22.9 


46,207 
60,133 

59,516 


0.768 

0.777 

0.50 

0.52 

0.52 


10.083 I ; 
7.5625 I : 

3.78" I ' 
2.00 I ' 

I.OO I : 


13.129 

' 9-733 
' 7.562 
: 3.846 

: 1.923 


2Si9*3 
32,007 

17,468 

22,867 

24,610 


25.0 
30.1 

39-7 
48.1 

51.74 


49,224 

35»757 
28,725 

1 1,080 



141. The above values of re have been calculated from the 
earlier formulae of Mr. Hodgkinson, which gave an average 
of 989922 lbs. for flat-ended pillars, above 30 diameters long. 
The value oix in the above Table, instead of being constant, 
evidently falls off rapidly, as the ratio of the length to the dia- 
meter decreases. 

Taking the average of the three which have the ratio of 
15 to I (half that of 30 to i), we obtain, the mean, 55,285, 
which is somewhat greater than 49,461, the half of the gene- 
ral mean. 

Again, in pillars whose length is 7.56 times the diameter 
(one-fourth of 30 to i), the corresponding number is reduced 
to 28,725, a little more than one-fourth of the general mean, 
which is 24,731. 

And those whose length was about 20 times the diameter 
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(two-thirds of 30 to i), had a mean of 75,371, also greater 
than 65,948, which is two-thirds of the general mean. 

Now, in all these the length of the pillar is obviously the 
same proportion of the length of a pillar 30 times the diame- 
ter, which the "Value of a?" is of the general mean. Thus, a 
pillar 15 to I is half the length of one of the same diameter 30 
to I, and its corresponding value of x is half the general 
mean. So, also, a pillar 7.56 diameters high is one-fourth of 
one 30 diameters hi^h, and its calculated strength but one- 
fourth of the general mean. The pillars whose form was 20 
to I are in length two-thirds of one 30 to i, and in this also 
the formula gives somewhat more than two- thirds of the ge- 
neral mean. We might, therefore, obtain a rough approxi- 
mation to the strength of short pillars by calculating by the 
formula before used (that is, with the constant 95,000, and 
cP-* and Z^'"), the strength of the pillar, and then taking such 
a portion of this calculated strength as the length of the pil- 
lar is of what it would have been if it were 30 times the dia- 
meter, — this simple rule giving the strength somewhat under 
the real strength, as appears from these and other instances in 
the Table. 

142. Another mode of considering the matter will, perhaps, 
throw some light upon the reason of the conclusion arrived at 
in the last section, and furnish better means of estimating the 
strengths. If we compare the several corresponding numbers 
in the columns of weights per square inch and ** Values of ar" 
in the Table above, we find, amidst many anomalies, that the 
weights increase in some such proportion as the values oix 
decrease ; and the latter become very small where the pres- 
sure approaches to the crushing force. 

Considering, then, the pillar as having two functions, one 
to support the weight and tne other to resist flexure, it follows 
that, when the pressure necessary to break the pillar is very 
small (i. e. in reference to the ultimate crushing resistance of 
its transverse area), on account of the greatness of its length 
compared with its lateral dimensions, then the strength of the 
whole transverse section of the pillar will be employed in re- 
sisting flexure ; and when, from the shortness of the pillar, 
the breaking pressure rises to one-half of what would be re- 
quired to crush a short specimen of same area, then one-half 
only of the strength may be considered as available for resis- 
tance to flexure, whilst the other half is employed to resist 
crushing ; and when, through the shortness of the pillar, the 
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breaking weight is so great as to be nearly equal to the crush- 
ing force, we may consider that no part of the strength of the 
pillar is applied to resist flexure. 

We may, therefore,- separate these effects by supposing 
that there is taken from the transverse area of the pillar as 
much as would support the pressure as a crushing force on a 
short specimen, and consider the remainder as resisting flex- 
ure to the degree indicated by the formula for long pillars 

with flat ends, namely, j^^. If, for simplification, we sup- 

V 

pose the trnnsverse area to be rectangular, the strength will 
be as the breadth (or longest side) into the cube of the 
other ; and therefore we may take from the area of the pillar, 
as above mentioned, by reducing its breadth, since the strength 
is proportional to the breadth. Suppose then 

c = the force which would crush without flexure a short spe- 
cimen of the material having the same transverse area 
as the pillar. 

d = the utmost pressure the pillar, as flexible, would bear to 
break it, without being sensibly weakened by crush- 
ing. 

b = the breaking weight, as calculated by the formula 

y = the actual breaking weights (as determined by experi- 
ment) of the shorter pillars, of length intermediate be- 
tween those which break with little or no crushing, 
and the short specimens which yield altogether by 
crushing. 

Now, we have seen that the breaking weight of the shorter 
pillars depends both on the resistance to crushing and on that 
to flexure, and therefore a formula for their strength must in- 
clude both c and 6, and also (/, unless expressed in terms of 
the other quantities. 

143. If then we supposed a portion equal to what would just 
be crushed by a pressure equal to d to be taken away from 
the transverse area of the pillar, what is the value of the 
crushing pressure of the remainder of the area ? It must 
evidently be the difference between the crushing force of the 
whole area and that of the part supposed to be removed as 
above, so that it may be expressed hj c - d. 

And again, y being the actual breaking weight distributed 
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uniformly over the whole transverse area, y - d must repre* 
sent the weight actually laid upon this remaining area above 
mentioned. Whence, if we call the remaining area, of which 
c^dia the crushing strength, unity, the part of this remain- 
ing portion of the pillar which has to resist crushing may be 

ti " d 
expressed by the fraction ~ — ^ and of course that which has 

ti '^ d 
to sustain flexure will be i - - — -^ ; simplifying this expres- 

sion, by multiplying by the denominator and reducing, we 
have 

y- d c-y 

c - d c -d* 

and by this fraction we must multiply the calculated breaking 

weight b (which has been derived from 42*3577:^9 applied to 

the short pillars we are considering), to obtain y ; so that the 
two parts are expressed by the fractions 

y-d ,c-y 

^ — ;^and 5, 

c - d c - d 

the former having to resist compression, the latter to sustain 
flexure. 

We may deduce from what has been shown in previous 
remarks, that when the breaking weight in any experiment 
was about one-fourth of the weight which would have crushed 
the whole pillar without flexure, then the result of calculating 
its strength by the general formula for long pillars needed 
modifying. 

144. If there were no fixed pressure at which pillars in break- 
ing suffered a marked diminution of their calculated strength, 
but that there was a regular falling off with all weights from 
the least necessary to break a long pillar up to such as would 
crush it, then d might be taken equal to o, and the two frac- 

V C — V 

tions just given become - and — ^, by which last we must 

c c 

multiply the calculated breaking weight b to obtain ^, that is, 

c - V be 

b X ^ = y ; or r = y . 

c ^' b + c ^ 

But as there is no such pressure, we proceed thus, — 
the strength of the pillar, if rectangular, may be sup- 
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posed to be reduced by reducing either its breadth or the 

computed strength of the whole to the degree indicated by 

c — y 
the fraction ^. In circular pillars the first mode is not 

strictly applicable ; but we obtain a near approximation to the 
breaking weight y by reducing the calculated value of b in 
that proportion. We have, therefore, 



• 


^'H- 


60 that 






be - by = cy - dy. 


and 






be 




y-b + c-d' 



And as it may be shown that about one-fourth of the 
crushing weight was the utmost that a flexible pillar could 
have as its breaking weight without the material being 
crushed, and the breaking weight reduced in consequence, 
the above expression becomes, 

_ he 

The value ofy above is compounded of two quantities, b the 
strength obtained from the formula for long flexible pillars, 
and c the crushing force of the particular transverse section. 

The following Table, giving the dimensions and breaking 
weights of eleven short solid pillars with flat ends, together 
with the calculated values of ft, c, and y, will show the degree 
of approximation that the ultimate strength calculated by this 
formula bears to the real strength given by experiment. 
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145. Table showing the actual Breaking Weights of Solid 
Cast Iron Pillars shorter than 30 times the Diameter^ and 
the calculated Breaking Weights^ by the proposed Formula — 

Ends FLAT. 



Diame- 
ters. 


Length of Pillar. 


Value 
of* = 


Value of 

Crushing 

Force, 

c. 


Actual 
Breaking 
Weight, 

y- 


Value of 
he 


Inches. 

0.50 

0.50 

O.JO 

0.50 


Feet. Inches. 
1.008=12.1 
0.840= 10.083 
0.630= 7.5625 

0-3^5= 3-7812 


lbs. 

8>327 

ii»353 
18,515 

60,155 


lbs. 

21*559 
21,559 
2i»559 
21,559 


lbs. 

71I95 
8,931 

17,468 


7*328 

8,872 

11,508 

16,992 


0.777 
0.775 
0.78s 
0.768 
0.777 


1.681 = 20.166 
1.260 = 15.125 
1.008 = 12.1 
0.840=10.083 
0.630= 7.5625 


16,713 
27,005 

41,300 

52,096 

88,547 


52,064 

51,797 
53»H2 
50,865 

52,064 


15,581 
21,059 
24,287 

25,923 
32,007 


1 5,604 
21,241 

27,043 
29,363 
36,130 


1.022 
1. 00 


1.68 1 =20.166 
1.260=15.125 


44,218 
66,746 


90,074 
86,238 


31,804 
40,250 


35^631 
43,797 



146. It will be observed that the calculated strengths 
agree moderately well with the real ones, showing that the re- 
sistance to crushing is an element of the strength of short flex- 
ible pillars at least. Another Table is given in the Phil. 
Trans., 1840, page 448, Table X., containing the results on 
uniform hollow cylinders shorter than 30 times the diameter; 
and the accordance between the actual and calculated breaking 
weights in these was in the same degree as in the former. 

147. In the following very important and interesting Ta- 
ble are shown the strengths of different forms of hollow cylin- 
ders compared with the uniform hollow cylinder. 

The first two pillars were from the same model. They 
were about 2 J inches in diameter in the middle, and i| inch 
near to the ends, which had strong discs upon them, turned 
flat, to give them a firm bearing ; the pillars were hollow, 
fig. 34a. 

The third and fourth pillars are two hollow pillars, 2 J 
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inches external diameter at the bottom, and i f at top nearly. 
They tapered regularly from the bottom to the top, where 
there was a disc to increase the stability of fixing, fig. 346. 

The fifth was on a uniform pillar, whose transverse section 
was of the form fig. 34, c, three inches across and half-inch 
thick, the ends being rounded, that the force might pass 
through the axis. 

The sixth was a uniform pillar of the section Z, and of 
the same area as the last, fig. 34, d. 

Experiments 7 and 8 show the strength of solid pillars 
when the pressure is applied to some point intermediate be- 
tween the centre and the circumference ; and exhibits a great 
falling off from what it would have been if the pressure had 
been through the axis, as in round-ended pillars from the 
same model, § 125, p. 87, fig. 34, e and/! 

Experiment 9 is on a solid pillar so fixed that the pressure 
is in the diagonsd, fig. 34, g. 

The long pillars whose strength has been given in the for- 
mer Tables, and the following, page 131, comprise most of the 
forms at present used in practice. 

The mean breaking weights of the columns in lines i and 
2 is 28,079. From a mean between experiments, lines 3, 8, 
9* § '35' P^6 1 159 ^^ appears that a hollow uniform pillar, 
2»o2 inches external diameter (nearly the mean of 2.24 and 
1.73), and weighing 36^ lbs., had a breaking weight of 
30,518 lbs., which seems to show thsU; the uniform cylinder is 
the stronger. 

The two pillars in lines 3 and 4 had a meim external dia- 
meter at base o(%\ inches, and nearly i| at top, tapering re- 
gularly to the top, where there was a disc to increase the sta- 
bility of fixing. The mean weight of these was 36.8 lbs., and 
the mean breaking weight 29,488 lbs. But we have just seen 
that a uniform hollow pillar, 2.02 inches diameter, and 36^ lbs. 
weight, would require 30,518 lbs. to break it. Therefore, 
these pillars, like the former, are weaker than uniform hollow 
pillars. 

The pillar in line 5 was uniform, and had rounded ends. The 
section of the form fig. 34, c, 3 inches across the ribs, and 0.48 
inch thick. Now, if we refer to line 13, § 134, p. 1 14, we find 
a hollow pillar, 3.01 inches diameter, and 50 J lbs. weight, 
broken with 26,707 lbs. ; but though this pillar, cruciform in 
section, weighed 62 lbs., it broke with 17,578 lbs. Whence 
we see that pillars of this form, which is nearly that of the 

s 
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connecting rod of a steam-engine, are very weak compared 
with uniform hollow cylinders ; the strength of which being as 
the 1.714th power of the weight nearly (pages loj, 106); a 
hollow cylinder, if of the same weight, that is 62 lbs., as the 
pillar above, would have required 38,345 lbs., or more than 
twice 17,578, to break it; thus, 

or 8^3:67 ; 1,82.6 r-2'5,707 :38,34s. 

The pillar in line 6 had a section of the form Z, of the 
same area as last ; the parallel bars were 3 inches, the cross 
piece 2i^ inches long. This was considerably stronger than 
the last, but much weaker than a hollow cylinder of the same 
weight. Using the same principles as above, we obtain for 
this form of pillar. 

50.25^"* : 63-5-^"! g . 
823.67 : 1230.14 J '' ' * 39»»»7- 

Which fourth term is greater than 29571 by somewhat more 
than one-third. 

Lines 7 and 8 show the strength of solid pillars, when the 
pressure is applied at some point intermediate between the 
centre and the circumference ; and exhibits a great falling off. 
Comparing • the first of these, whose breaking weight is 
13,195 lbs., vnth that of line VII., Table § 124, page 86, of 
the same dimensions, the breaking weight being 23,551 lbs., 
we perceive a great falling off in strength. And again, the 
pillar in line 8, which had a breaking weight of 14,697 lbs., 
is also much weaker. 

The mean of lines 9 and 10 gives a breaking weight of 
65 1 2.5 lbs. ; and comparing this with line X., in Table, f § 1 24, 
125, pp. 86, 87, which are of the same dimensions very nearly, 
we have 6105 lbs. for the round-ended, and 20,310 for the 
fiat-ended pillars, and thus the force directed diagonally 
through a column reduces its strength to a third of what it 
would support if with a fiat and true bearing, showing the 
importance of the fixing of the base of columns on the surface 
of the stone or concrete foundation, and also of a true pack- 
ing between the top of the cap of the pillar and the under 
side of the beam resting on it. 
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148. TABLiRshotoinff the ultimate Strength of Pillars of various 
Forms and different Modes 0/ placing. 



2 

3 



5 
6 



8 



xo 



Bound hollow pillar, regularly tapering from 
the middle to the ends, like the frustrums of 
two cones whose bases joined in the middle 
of the pillar. 

External diameter: — 

„ at middle, . . 2.24 inches. 
„ at endSy . . . 1.73 it 
Internal diameter, ... 1.63 „ 
Length, 7 feet 6{ inches, 



Pillar from same model as No. i, .... 

Round hollow pillar, tapering regularly from 
the base to th%top, as the frustrum of a hol- 
low cone. Disc at top 4.44 inches diameter. 
External diameter : — 

,y at bottom, . . 2.22 inches. 
„ at top, .... 1.70 „ 
Internal diameter, ... 1.6 1 „ 
Length, 7 feet 6} inches, 



Same form as No. 3. Thickness 0.25 inches. 
External diameter : — 

,, at bottom, . . 2.32 inches. 

„ at top, .... 1.75 „ 
Length 7 feet 6 j inches, ...... 



Transverse section, fig. 34, e. 
Length, 7 feet 64 inches, 

Transverse section, X* 

Length, 7 feet 6| inches, 



Solid uniform cylinder, pressure directed to 
pass through a line half-way between centre 
and drcumference. 

Diameter, 1.95 inches. 

Length, 60.5 inches, 



Solid uniform cylinder, same as last ; force di- 
rected to pass jth of radius from drcumfe- 
rence. 
Diameter, 1.96 inches. 

Solid uniform cylinder ; force directed diago- 
nally through opposite comers. 

Diameter, 0.97 inches. 

Length, 30^ inches, 

Same as last 

Diameter, 1.02 inches. 



Deflec- 

tiOIL 



Incheflb 



0.54 
0.65 



0.87 



0.80 



0.45 
0.25 



1.30 



1.48 



Welffht of 
Pillar. 



lbs. OSE. 



36 o 
36 4 



39 o 



34 9 

62 o 

63 8 



45 H 



46 5 



5 13 
-6 4i 



Breaking 
Weiglit. 



lbs. 



28,667 
27,491 



3»»4i3 



26,563 

17,578 
29*571 



13,195 



14,697 



5750 
7*75 
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PRACTICAL APPLICATIONS AlTD EXAMPLES— CAST IRON IN 

COMPRESSION. 

149. The practical applications of cast iron under direct 
compressive strains are very numerous, and it is under this 
head that its chief utility as a constructive material is found. 
Its weakness under tensile forces is amply compensated here. 
We find it almost exclusively employed for pillars both solid 
and hollow. Notwithstanding the modem rivalry of wrought 
iron, it is even now often used in the ribs of cast iron arches 
of segmental form, especially in spans too great for bridges of 
Stone or brick masonry, at least with the small degree of rise 
or versed sine which may be used in this material, as com- 
pared with what would be prudent to employ in brick or 
stone. It is used with advantage in the jjbs of cranes. In 
struts to tension rods f6r iron roofs, and timber beams. In 
hollow pipe struts for the lateral stiffening of girders, ribs of 
cast iron arches, and beams of ^team-engines when divided : 
a wrought iron tie-bar passing through the hollow, with screw 
bolts on the exterior faces. 

In these examples, and in any material under compression 
generally, it is not of the same importance to compare the ul- 
timate strength, with the ultimate strength in combination, 
as it was in applications of material to resist tensile forces, the 
action of the compressing forces being to unite more closely the 
surfaces of contact, which should be made as true and flat as 
possible. It is the danger of lateral flexure which distinguishes 
the effects of compression from those of tension, and which 
must be so carefully guarded against. 

1 50. Cast iron in the form of hollow pillars is a very com- 
mon and very appropriate application of the high resistance 
to compression possessed by this material. Indeed, when the 
diameter is small, and the height and load to be supported 
not very great, the solid pillar is often made use of in con- 
struction. 

An inaccuracy of language, and confusion of ideas on the 
cotnparative strength of hollow and solid pillars, may often be 
observed. It is said, for instance, that a hollow is stronger 
than a solid pillar ; such is not the case absolutely, the solid 
is stronger than the hollow of the same external diameter. 
If a solid and hollow pillar of the same length have the same 
external diameters, and we compare the ultimate strengths of 
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each, and also compare the areas of their transverse sections, 
we shall find that the first ratio is far greater than the second, 
which shows the true advantage of hollow pillars in the eco« 
nomy of material. 

For example, comparing the relative strengths of two pil- 
lars, each 10 fib. long, the solid having 6 inches diameter, the 
hollow also 6 inches external diameter, the internal being 4.8 
inches. From these data we find that the transverse area 
of the solid pillar is 28.27 sq. inches, and that of the hollow 

10.18 sq. inches. 

53.5 

On the other hand, the ultimate strengths are 4^-35 — tFj 

6'*' -4.8'** 
= 525 tons, and 42.35 — — « 284.72 tons. But the ra- 
tio of the areas, or quantities of metal, would only give 

28.3 : 10.2 : : 525 : 189 tons, 

or about 96 tons less than the real breaking weight. 

If the interior diameter had been 4.9 inches, we have the 
area of the transverse section of the ring of metal, 9.427 sq. 
inches, or one-third of that of the solid pillar, and the ulti- 
mate strengths will be, the solid pillar as above, 525 tons, and 

the hollow, 42.35^—^^ — ^ ^ ^^ = 267 tons, but little more 

^^ 42.658 ' 

than half the former ; so that, the external diameter being 
the same in each, two such hollow pillars would support as 
much as the one solid pillar, though containing but two- 
thirds of the metal. Thus the lesser area is far more efi*ec- 
tively employed than the greater, the explanation being that 
the central portions of the transverse area of a pillar are less 
useful to resist bending than those at a greater distance, and 
therefore, when removed, they do not diminish the resisting 
power proportionally. 

But if (the lengths being as before the same) the quantity 
of material or weight in the solid and the hollow pillar be equal, 
or, which is the same thing, if the transverse section of each be 
equal, then the hollow pillar is in every point of view the 
stronger. 

151. The woodcut annexed will illustrate this last point : 
in it Aa is the diameter of the transverse section of a solid pil- 
lar, and, being equal to half an inch, will represent, at a scale 
of one-eighth, a cylindrical pillar 4 inches m diameter; if at 
the point a, the extremity of the diameter Aa, we erect an 
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indefinite perpendicular, \re may, hy a simple geometrical 
conatructioD, obtain either the internal or exter- 
nal diameters of the annulus, equal to the area 
of the circle, hy being given the other. Thus, a^ 
if the internal diameter be given, lay out, upon 
the indefinite tangent, from a, a line, as Ab, 
equal to it, and join the points a and b, then 
the line a. A, will be the required external dia^ 
meter. For the area of the annulua is equal to 
the difference of the squares of the diameters ' 
into 0.7854, that is, (a6' - bk') x 0,7854, and 
from the right-angled triangle A.ab this is equal 
to aa' X 0.7854, which is the area of the semi- 
circle. This annulus is represented in the ^^ 
second woodcut by the shaded space at b. The 
annulus at c, and also that at n, are equal in area to it, having 
as internal and external diameters the lines in the first wood- 
cut, AC and ac, and Ad and ad 
respectively. Now the areas 
of these being equal, and the 
strengths, cceteris partlais,heing 
as the 3.5 power of the inter- 
nal subtracted from the 3.5 
power of the external diameter, 
must increase continually ; but ' 
the shell of the metal becoming 
thinner also, a practical limit 
is soon found by the diflGculty 
of obtaining sound and true 
castings. 

15a. At the scale of |th the diameter of the solid pillar a 
will he 4 inches, and the external diameters of the hollow pil- 
lars, whose sections are b, c, d, are 5.5 inches, 8 inches, and 
1 3 inches, respectively. As the areas of these are all equal to 
that of the circle a, we can calculate the internal diameters 
a6, AC, Arf, thus : — as 




we have 



0-7854 (S-S'-**') = °-78S4>< 
a6 = v'so.as - 16 = 3.775 inches. 



giving a thicknesss of 0.8625 inehea for the ring b. In like 
manner. 
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8' - AC* = 4% giving Ac = 6.928 inches, 

and 0.536 inches for the thickness of section c. And again, 
Kd = 12.37 iiiches, and the thickness of d equal 0.315 incnes. 
To compare the relative ultimate strengths of these four 
columns, all of the same transverse area, as depending on their 
different diameters, we will assume them to be of the length 
/, the same in each. And therefore we may omit from the ex- 

^.6 ^ ^ 3.5 

pression 42.35 x — ^ , as common to each, the quanti- 
ties 42.35, and /*••'. The relative bearing powers of each will 
therefore be 

4«o'* = 128.0 . . 1. 00. 

^,j3.6 _ 3.775'-' = 390.2 - 104.5 = 285.7 . . 2.23. 

S.©'-*^ - 6.928'' = 1448.15 - 875.24= 572.9 . . 4.50. 
13.0'*' - 12.370'' = 7922.8 - 6657.24 = 1265.6 . . 9.89. 

The thickness of 0.315" in a column 13 inches in diameter 
would, however, be unadvisable, and it is probable that 
an external diameter of 9 inches would be the greatest that 
this transverse section of metal, equal to 12.566 square inches, 
could be extended to, as a good souhd casting. This would 
give an internal diameter of 8.062 inches, and a thickness of 
0.47 inch, which may be taken as half an inch, and the rela- 
tive number, to compare with 4''= 128, would be 699.2, 
giving an increase of strength in the ratio of i to 5.46, or five 
and a half times stronger than a solid pillar having the same 
quantity of metal. 

153. The problem of calculating the proper dimensions of 
cast iron columns presents itself in practical construction chiefly 
in one of these two forms : — 

Either it may be required to assign the requisite diameter, 
if solid, or the external and internal diameters, if hollow, being 
given the load to be supported, apd the clear height of the pil- 
lar—under this head many examples are given in §§158 to 161. 

Or, on the other hand, it may be required to calculate the 
load that a pillar will sustain, all whose dimensions are given, 
the coefficient of stability being duly applied in each case. 
The examples under this division of the subject will be found 
in §§ 161 to 172. 

In the first case the problem is indeterminate when the 
pillars are to be hollow, though the data are sufficient when 
solid ; and it therefore assumes different forms, according to 
the different conditions which must be added to give the ques- 
tion the necessary definiteness. 
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154. I St. We may have the ratio of the length to the ex- 
ternal diameter, as suppose 40 to i, or 35 to i, or some other, 
given, and thus it only remains to calculate the internal dia- 
meter ; for, as the length is supposed to be amon^ the data, 
the ratio above mentioned determines the externd diameter, 
from which the internal is easily computed. 

155. 2nd. It may be the condition that the internal diame- 
ter is to be some given fraction of the external, though this, 
it must be remarked, could never be applied generally ; for it 
would give too great a thickness for the larger, and too small 
for the lesser diameters. 

156. 3rd. We may, together with the clear height, and 
the load to be supported, have the thickness of the ring of 
metal given, to calculate the diameters. 

157. 4th. The transverse area of the ring of the metal may 
be given, which is, in other words, to be given the weight of 
the column itself, since, as the length is given, the volume, 
which is the transverse area into the length, is known ; and 
thus, from the weight of a cubic inch or cubic foot of cast 
iron, that of the pillar is readily obtained. This fourth head 
will enable us to compare the strength of a solid pillar with 
that of a hollow one of the same weight, or to compare two 
hollow cylinders of the same weight ; or, again, to design a 
hollow cylinder which shall be twice, or any other proportion, 
as strong as another ^ven column of the same weight. 

158. In the first of these subdivisions of the ist case, § 154, 
let the greatest probable load which can come upon the pillar 
to be designed be equal to 71.75 tons, and the " coeflScient of 
safety" 7 ; also let the ratio of the height to diameter be 30 
to I, and the given length of the column equal to 29 feet, so 
that the resultmg external diameter will be 0.966 feet, or 11^ 
inches, and this we will assume it to be, so that, with this 
added condition, the question is to calculate the internal dia- 
meter. Let z be the internal diameter, then 

42.35 X — ^—^ 7 X 71-75 = 502.25 tons. 

1 1 ( , . 502.25 X 29*«») 

Hence log z = log[ii.5» » - ^ — 42.35 "") "^ ^'^ 

= log {2288.14} -^ 3.5 
= 3.35948 -7- 3.5 = 0.959851 answering to 9.1 16 inches, 

so that the thickness of the ring would be 1.2 inches. 
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The cubic content of this column, if of a uniform thick- 
ness, will be 

( 1 1.5* - 9.5') 0.7854 X (29 ft. X 12) - 1 1 ,479 cubic inches. 

It will be 'evidently much simpler, with the above diame- 
ters, to take the product of the sum and difference, that is, 
21x2= 42, rather than to square the numbers, and then sub- 
tract the lesser. The above volume, reduced to cubic feet, is 
equal to 6.6$ ; and if we take the weight of cast iron at 5 cubic 
feet to the ton, it will weigh 1.33 tons, which, at the price of 
£8 los. per ton, would make the cost of each pillar to be 
£11 6s. Sd. 

The specific gravity of cast iron being taken at 7.2, and 
the weight of water at 62.3 lbs. per cubic foot, would give 
448.56 lbs. per cubic foot as the weight of cast iron, and this 
multiplied by 5 gives 2242.8 lbs. only, about ^th per cent, too 
great. 

To facilitate the calculations necessary in determining the 
dimensions of columns, there are given at the end of these ex- 
amples Tables of the 3.5th and 1.63rd powers of numbers, ex- 
tending as far as the greatest dimensions of diameter and 
length to be found in ordinary practice. In the Table of the 
lengths raised to the i .63 power there is also added the loga- 
rithm of the constant 42.35, divided by the number on the 
same line raised to that index; this division occurs so fre- 
quently in the tentative process of determining the diameters 
of hollow columns to sustain a given load, that it diminishes 
the labour very much to be able to take it out at once from a 
Table. Thus we have in the Table of 1.63 powers, opposite 
29 feet, and on the same line, 

29>-«' I 241.94 I I.243M57* 

the logarithm being that of (42.35 -r- 241.94 =) 0.1 750435 j a di- 
vision which occurs frequently in the determination of the ulti- 
mate stren^h from given dimensions of the pillar. If, as in 
the example in page 136, we have to determine the dimen- 
sions from the load to be sustained, as one of the given quan- 
tities, then we find, on the contrary, 241.94 -7-42.35 =5.71287. 
This we immediately obtain by subtraction. 

From, 0.0000000 

Subtract log opposite 29^'®% 1^-243 MS7 

Log of quotient, .... 0.7568543 
The whole subject requiring, as it does, the frequent rais- 

T 
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ing of numbers to fractional indices, and extracting the same 
roots is the proper province of logarithmic calculation, to 
which also the formulas are well adapted ; but as many per- 
sons busily engaged in practice may not have their former 
facility in using it, a diagram has been given in fig. 359 in 
which are plotted on a horizontal line the diameters in inches, 
at a scale of one- third, all from a common zero ; and, at the 
point answering to each diameter, a vertical is raised, equal to 
its 3.5th power, at a scale of 1000 to an inch; acurvedline being 
drawn through all the points so found, we can by it obtain 
either the 3.5th power or 3.5th root of any number within 
the range of the extreme values of the horizontal and vertical 
lines in the figure. As the verticals would, at this scale, be 
inconveniently long with the larger diameters, the curve is 
dropped down 5000 after 1 2 inches diameter, and this number 
must be added to the readings of the verticals with diameters 
greater than that. 

The use of the diagram, though not giving very precise 
results, is very simple. Thus, on the proper point on the 
horizontal, answering to the given external diameter, lay the 
ordinary scale of 10 truly perpendicular to it, and having its 
zero in the same line ; then the point at which the curve ap- 
pears to cut the edge gives the 3.5th power which is sought, 
each subdivision on the scale reading one hundred. 

To find the 3.5th root of any number, lay oflf the given 
number on any vertical, by the same scale of 10, and through 
the point thus found draw a horizontal line to cut the curve ; the 
perpendicular from this gives the number required on the ho- 
rizontal. In the same way numbers may be found, the difie- 
rence of whose 3.5th powers may be equal to a given quan- 
tity. The curve may also be very useful in suggesting num- 
bers which have a given difference, and given difference of 
3.5th powers, as will be explained in an example with such data. 

It is evident that between any successive ordinates given 
in the Table, being generally only o.i apart, the curve is very 
nearly a right line, and therefore a near approximation of the 
3.5th power may be obtained, if the diameter fall between 
any two successive numbers in the Table, by supposing the 
series of verticals to be for that interval an arithmetic series. 
Thus, to find the 3.5th power of 7.97, we have — 

8*-* = 1448.15 
7-9"= 1385-78 

Differences, o.i and 62.37 
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Now, o.io being the difference of the nearest diameters, 
and 0.07 the excess of the given number above the next less 
in the Table, we must use the proportion, 

10 : 7 :: 62.37 • 43-659> 

in order to obtain a number to be added to 1385.78, for the 
approximate value of 7.97'''^. Thus, 

1385.78 + 43-659 = i45i9-439- 

Now, log of 7.97 = 0.9014583, and this multiplied by 3.5 
gives 3.155 1040, which answers to the number 1429.24, the 
approximate value being 0.199 greater, this exact result being 
always a little less than the approximate number, as the curve 
is convex towards the horizontal line, as is shown by the right 
lines joining the ends of the ordinates at the diameters, 4 
and 5. 

Again, to find the value of 7.77^**, we have 

7.80^'* = 1325.35 
7 -75'-'= 1295.85 

Differences, 0.05 and 29.50 

and as the excess of the given number above the next less is 
0.025, which is half the above difference, we simply add the 
halfof 29.50 to 7.75^*, that is, 1295.85 + 14.75, giving 1310.60, 
the true value obtained by logarithms being 1310.445. 

As another instance, the true value of 11. 95^' being 
5899.125, and the difference of the nearest numbers in the 
Table, which are 1 1.9** and i2'*', being 172.77, we must add 
thehalf ofitto thelesser, namely, 5813.19 + 86.385 = 5899.575, 
for the approximate value, which is 0.45 too great. 

In a manner precisely similar we may obtain the value of 
any length, raised to its i .63rd power, interpolating between 
the nearest numbers in the Table. 

The ^^coefficient of safety*' in deigning cast iron pillars 
ranges from about 6 to 10. It is impossible to give any rule 
for its precise determination. The engineer must be guided 
by the greater or less probability of contingencies occurring, 
which would throwan unexpected increase of the estimated load 
upon the column: thus, if a weak foundation were to cause any 
one of an assemblage of pillars to settle down, however small 
a quantity, and that a continuous girder resting horizontally 
on the capital of this pillar was not sufficiently rigid, then 
its deflection would throw an undue proportion of the super- 
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incumbent weight on this particular column, and perhaps in- 
duce its fracture ; at least, it would be much more severely 
strained than those not placed in the same circumstances, 
especially if it did not sink vertically, but received its pressure 
in a diagonal direction, in which case its strength is reduced 
one-third. On the other hand, if a strong and comparatively 
inflexible beam lay across the capitals of the pillars, then the 
load would not press with such severity on the deranged pil- 
lar, by continuing to follow its subsidence, but the surround- 
ing ones would each have to bear some increase of their esti- 
mated load, and the stiructure above this horizontal beam 
would probably not suffer, by settlements or otherwise, from 
the defective pillar. The estimated load, referred to above, 
can be computed only by taking the weight of the structure 
itself, and everything that may be placed upon it, for half the 
distance between any particular support and all those that 
surround it, and supposing that it sustains this weight, and 
this only. Thus, if a warehouse-floor be supported by pillars, 
each row bein^ 25 ft. apart, and those in any row 10 fb. asun- 
der, then each pUlar must be taken as loaded with the floor- 
ing, and all upon it, for a rectangular area, 12 ft. 6 in. on each 
side in the direction of the several rows, and 5 fib. on each 
side between pillar and pillar, that is, 25 ft. by 10 ft. 

The proportions of the height to the diameter in the an- 
cient Classic Orders have not been followed in the designs of 
cast iron pillars. The shaft of the Tuscan column is about 
six diameters of the base in height, that of the Doric about 
seven, of the Ionic about eight, and the Corinthian about nine 
diameters. The diminution of the diameter, from the base 
upwards to the capital, is also widely different from that used 
in cast iron pillars. The upper diameter in the Classic co- 
lumns is about 4th of that at the base, which gives a taper of 
from I in 72 to I in 108; but in pillars of cast iron it may 
be observed to be from i in 150 to i in 350. If the upper 
diameter of a column is made less than that at the base by an 
eighth of an inch for every foot of height, it will give a uni- 
form taper of i in 192. 

In the Albert Docks, at Liverpool, and at St. Catherine's 
Docks, London, however, we find cast iron pillars, nearly of 
the Grecian-Doric proportions, supporting warehouses many 
stories in height, with fire-proof floors, loaded with immense 
weights of merchandise. These may be considered as sustain- 
ing, probably, the greatest loads to be found in practical con- 
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straction, and seem therefore well suited to their position, 
the height being but small, and the peculiar object of the build- 
ing requiring the interruptions to the clear space to be as few 
as possible. 

Itetuming to the consideration of the first subdivision, we 
thus perceive that, with this added condition, namely, the 
ratio of the length to .the diameter, the problem of calculating 
the diameters always resolves itself into that of the determina- 
tion of the requisite internal diameter, which we may call z^ 
the external being always x. 

As another example of this subdivision, let the required 
height of a pillar be 40 fl. 10 inches, and the ratio of the 
length to the diameter be 35 to i — the utmost weight to be 
sustained by it, 60 tons, and the coefficient of safety 7. The 
external diameter is at once found by the proportion, 

35 : I : : 490 : 14 = mean external diameter; 
so that 

"^^•3^ "" '4o,83^'«» - 7 X 60 = 420 tons; 
and as, from the Table of 3.5th and 1.63rd powers, 

14.*'* = 10,267.34, and 40.83**" « 422.57, 
we have 

10267.34 - z^'^ = 4190.77. 
Transposing 

10267.34 - 4190.77 = 6076.6 = 2'-*, 

and therefore, 

z = \/6o76.6 « 12.016 inches. 

The log of 6076.6 is 3.7836606, and this divided by 
3«5 gives 1.081046, which answers to the number 12.016 
inches, as above ; so that this proportion of length to diame- 
ter will, with the other conditions, result in a thickness of 
X inch, which is the least, probably, that could be adopted in 
making such a casting. 

If the column is intended to have a taper, the diameter at 
the base being greater than that at the top, then the ratio of the 
length to the diameter is always in these examples taken to be 
that of the length to the external diameter at the middle height : 
thus, in the last example, let the slope or taper of the pillar 
be 3^^^, this will make the diameter at the top 1.4 inches less, 
and that at the bottom also 1.4 inches greater than the mean 
of 14 inches, or 12.6 inches and 15.4 inches respectively. 
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In all the examples on calculating the diameters of cast 
iron pillars, it is supposed to be those at the middle of the 
height that are taken, if the column be tapering in form, from 
which those at the top and bottom are readily determined, by 
applying to them the given rate of the diminution. 

159. In the second subdivision, § 155, of the first case, in 
which the added condition is that the internal dian^eter has 
Bome given ratio to the external, as an example, let this as- 
signed proportion be |ths, and the requisite length of the co- 
lumn 30 feet, its estimated load being 60 tons, and ^' coeffi- 
cient of safety" taken to be 8, so that the ultimate load is 
480 tons. Then, x being the external diameter, we may ex- 
press the internal z in terms of x, so that 

42-35 ^Qi.63 = 480 tons. 

(The numerator above is equal to oj^* [i - (f)' *], and as {fy*^ 

= =» 0.458, and I - 0.458 = 0.542, we have, finally, the 

numerator expressed by a?*-* x 0.542.) 

Reducing the above equation, and taking the logarithm, 
we have 

, , ( 480 X 3o*-«» ) 

logic « log \— ' 1 -r- 3.5. 

^ ^ (42.3s ^ 0-S42) ^ ^ 

Opposite 30 in the Table of 1.63 powers, we find 255.69. 
Hence, 

add log 480 « 2.68 1 241 2 
to log 255.69 = 2.4077137 

5.0889549 
subtract (log 42.35 + log 0.542) = 1.3608527 

3.7281022 

which, divided by 3.5, gives 1.065 172, answering to the num- 
ber 11.619 inches, fi^r the external diameter; and as the in? 
temal is to be |ths of this, it will be equal to 9.30 inches, 
giving a thickness of the img of metal of i .16 inches. 

If, as another example, a column be required to sustain 9 
tons, and the coefficient of stability be taken at 6, the neces- 
sary hdight being 19 fib. Si inc)ies, calcula4;e the external dia- 
meter, when the internal is to be |^ths of it. 
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From the above data we have 



80 that 



^'•35^"-7^k^=S4tons; 



.^ 54 X 128.67 

rB3-» «= ^ L = 302.75, 

22.95 



and log 302.75 = 2.4810842, which, divided by 3.5, gives 
0.709, answering to 5.1 17 inches for the exterior diameter; 
and consequently the interior is 4.0934, that is, very nearly 
si inches and 4^^^ inches respectively. If this thickness, 
which is little more than ^ an inch, be deemed, as it probably 
would be, too small for sound castings of that length, then it 
must be increased accordingly, the experience of the foundry 
deciding on the least suitable dimension ; the column, so al- 
tered, would, however, be wasteful of material. Or the de- 
sign of the structure itself may, with reference to the pillars, 
be altered, so that there will be fewer columns, each of them, 
therefore, carrying a greater load ; their necessarily increased 
lateral dimensions will, if the number of columns be sufficiently 
reduced, give a safe practical thickness. 

The above proportion of f ths gives a thickness of ring of 
Y^^th of x; and, as already mentioned, this, or any other 
such rule for the relation of the diameters, would give too 
great a thickness with large diameters, and too small with 
lesser. Thus, 4 ft. external diameter gives, at the proportion 
of^ths for the internal diameter, a thickness of ring of 4.8 
inches ; and for a column 4 inches in diameter, a thickness of 
0.4 inch, both inadmissible in practice from opposite defects : 
no example can be found of such a thickness as 4.8 inches ; and 
most iron-founders would give the small pillar about 0.75 inch 
thickness, even if it made it much stronger than required. 

It is sometimes stated that the thickness of the metal 
||hould be about ^^^th of the external diameter ; this rule would 
give an internal diameter ^ths of the external. Whatever 
thickness of metal calculation may point out as required in a 
column, founders will always be anxious to avoid risking un- 
soundness by having it too thin. 

160. Referring now to § 156, the third subdivision, let 
the condition added to those of a given height of the column 
and given load be the thickness of the ring of metal. 

Thus, for example, let the estimated load upon a pillar be 
40 tons, and the coefficient of stability be assumed equal to 6, 
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the height of the pillar being 24 ft., and the thickness of the 
ring of metal i inch : calculate the requisite internal and ex- 
ternal diameters. 

From these data we shall have the following equation : — 

(or, in words, given the difference of two numbers, and the dif- 
ference of their 3.5th powers, to determine the numbers.) 

In which equation x is the external diameter, and t the 
given thickness of metal, so that x - 7,t represents the internal 
diameter, and n is equal to the given total load (that is, the 
estimated load^ into the coefficient of stability), multiplied by 
the length raised to the i .63 power, and the product divided 
by the constant, 42.35. Or, with the numerical dat^ above, 
since 24^''^ = 177*723, 

,« / \, « 240x177.72 

aj®*-(a?-2 X i)8-« = — 1 ' ' ' g 1007.2. 

42.35 

The known methods of solving such equations would be 
intricate and laborious, and to a great extent as tentative in 
the process as that by the use of the table of numbers raised 
to the 3.5th power, given at the end of these examples. 

As we always have givep, by the data under this, the 
third subdivision, both the difference of the diameters and the 
difference of their 3.5th powers, we may, by an inspec- 
tion of the Table, discover numbers having very nearly this 
given difference, and difference of 3.5th powers, being guided 
in the search by a knowledge of the major and minor limits 
of the external diameter, obtained by applying to the given 
height some ratio intermediate between the greatest and least 
ratios of length to diameter usual in practice ; but even this 
abbreviation of the search would leave it still too wide, and 
renders some calculation necessary. 

We may proceed thus : — let us take 50 to i, and 20 to i, 
as the limits of the ratio of the length to the diameter adopted 
in practice, the mean being 35 to i. With these ratios, and' 
the given length of 24 ft., we have at once the following va- 
lues of the external and internal diameters, namely — 

(a) 50 to I • . 5.76 inches and 3.76 inches. 

(b) 35 to I . . 8.23 „ 6.23 „ 

(c) 20 to I . . 14.4 „ 12.4 „ 

Now, the diameters, 5.75 and 3.75, being the nearest in the 
Table of 3.5th powers to those of 5.76 and 3-76, as deduced 
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above, we may, in the first approximations, assume these to 
be the least diameters admissible with a height of 24 feet ; 
and in like manner we may take 8.25 and 6.25 for 8.23 and 
6.23. The numbers 14.4 and 1 2.4 are actually found in Table. 
We have, therefore, the following results : — 

/ \ 455-87 - 102.12 „ 

(a) . . . 4235 X -^-^ — ' = 84.3 tons. 

177.72 

/ILX 1612.83 - 610.35 o « X 

(b) . . .42.3c X ^ ^^ = 228.8 tons. 

^ •^■' 177-72 

/ \ 11331-31 - 6714.1 

(c) . . . 42.35 X — ^.^—^ L-Z— B 1 101 tons. 

177.72 

The result obtained in (5), namely, 238.8 tons, is so nearly 
equal to 240 tons, the load to be supported by the intended 
column, that we may take the external and internal diameters 
to be 8.25 and 6.25 inches, respectively. 

Again, as another example, let the estimated load to be 
supported be equal to 140 tons, and the length of the piUar, 
as above, be 24 ft., the coefficient of stability being also equal 
to 6 in this case, so that the total load to be provided for will 
be 840 tons. 

If we try the diameters, 14 and 12 inches, we find the re- 
sulting strength to be 1020.2 tons, which is too great. Again, 
13.5 and II. 5 inches give 925.2 tons, also too great. But 13 
and 1 1 inches give 835.75 tons, showing that these diameters 
are very nearly equal to those we are seeking. 

The tentative process is greatly facilitated by using the 
logarithm opposite 24 ft., in the Table of i .63 powers, as al- 
ready explained. Thus, from the Table of 3.5th powers, we 
find at once that 13^'* - 1 1^' = 3507. Therefore, 

To log opposite 24***', which is T.3771171 
Add log of 3507, 3.5449358 

Product 835.7, 2.9220529 

the ultimate strength in tons, as mentioned above. And, in 
like manner, we may obtain the strength of any other exter- 
nal and internal diameters of a pillar of given length. 

The diagram, fig. 35? may be used to suggest approximately 
the diameters of which to make trial : mark off' on any two 
conterminous edges of a piece of drawing paper, having the 
sides about the angle truly perpendicular to each other, tb^ 
given difierence of diameters — measuredfrom the right angle — 

u 
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on one edge, and the given difference of 3.5th powers on 
the other, each by its proper scale; then, keeping each of 
them parallel to its proper line on the diagram, that is, the 
difference of the diameters parallel to the horizontal line, and 
that of the 3.5th powers to the vertical, move the paper about 
until the points, marked off as above directed, are each found 
simultaneously upon the curve ; then perpendiculars let fall 
from these points on the curve to the horizontal will give the 
required diameters very nearly. 

This result may also be attained by constructing a diagram 
curve, obtained by plotting to scale a few of the first results 
of the tentative calculations, in which we may use such diame- 
ters as are found in the Table — taking some which give a 
greater, and some a less, ultimate strength than the proposed 
load to be supported. Fig. 36 exhibits such a curve with the 
ordinates and abscissaB drawn to scale. In it the curve is given 
through a very wide range for the sake of illustration, but for 
any particular result a very few points on each side of that 
which is sought are sufficient. 

The vertical scale represents tons, at aoo tons to an inch, 
having its zero in the horizontal line, and therefore each sin- 
gle ton can be read off by the dividers on the small diagonal 
lines on the ordinary Gunter's scale. 

The horizontal scale represents inches, at 3 inches to an 
inch, or the 30 scale, by which the value of the diameters can 
be obtained to the second place of decimals of an inch. This 
particular curve, which is only adapted for lengths of pillar of 
24 ft., and a thickness of metal of i inch, is thus constructed: — 
at any point on the horizontal line, as 8 inches, for an external 
diameter, raise a vertical equal to the tons ^in the ultimate 
strength, obtained by the following method : — 

Take out the 3.5th powers of 8 and 6 from the Table — 
the internal diameter being 2 inches less than the external, 
with the given thickness of i inch. 

Then, 8®** - 6^** being equal to 919.06, 
we have 

Log opposite 24*«®' = 1.377 1 171 
Add log 919.06 = 2.9633439 

Product, 219.01, 2.3404610 

which is the vertical plotted at the point on the horizontal an- 
swering to 8 inches external diameter. 
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In the same manner we have 

63.6 _ ^8.5 „ 401.09 ; 
and hence 

To T.3771171 

Addj^log of 401.09 « 2.6032418 

Product, 95.58, 1-9803589 

Being the vertical at 6 inches diameter on the horizontal. 
Again, 4'-' - 2'** = 116.686. 

To T.3771171 

Add log 1 16.686 = 2.0670336 

Product 27.81, 1.4441507 

And in like manner all the other ordinates may be obtained, 
through the upper extremities of which the curve is drawn, by 
a flezible ruler, or suitable French curve. 

It is evident that the first ordinate must, in this case, be 
at the point answering to a diameter of 2 inches ; for, as the 
thickness of the ring of metal is, in this example, one inch, 
the internal diameter will become equal to zero when the ex- 
ternal is equal to twice that given thickness. Its value is thus 
found : — 

To the log opposite 24^''' in Table, viz., I.3771171 

Add log of 2^**' = 11.314= 1.0536162 

0-4307333 

answering to the number 2.696, which is the ordinate at the 
absciss equal to 2 inches. 

Having thus obtained a curve representing thQ ultimate 
strengths of columns 24 fl. high, with difierent diameters, and 
having a thickness of one inch of metal, we may by it, in a 
reverse manner, determine the diameters of a column intended 
to sustain a given load. 

For example, let us suppose this load to be 750 tons. 
Lay off the length answering to the given load on the ver- 
tical scale of tons, obtaining the proper length from a diago- 
nal scale reading the hundredth part of half an inch : through 
the point so found draw a horizontal line to cut the curve, 
and from this point on the curve' let fall a perpendicular cut- 
ting the horizontal scale of inches at a distance upon it which 
gives the required external diameter of the column, the inter- 
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nal being found by deducting twice the given, thickness of 
metal from it. It will be seen that, in this example, the ver- 
tical cuts the horizontal line at a point a little short of 12»S- 
Let us try 12.49, ^^^ "^7 actual calculation find the strength 
of the column 24 ft. high, and having an external [diameter 
equal to 12.49 ii^^^^es, and an internal of 10.49 inches; ^^ 
other words, with a thickness of one inch of metal. 

Then, 12.49^** " 10.493-'* = 6886.02 - 3738.64 = 3147-38. 

To log opposite 24^'" in Table, viz., I.3771171 

Add log 3147-38 = 3-497943<^ 

2.8759607 

answering to 749.999, aud showing that we may rely on the 
curve for very near results. 

161. If, in addition to the height of the column, and the 
ultimate load to be supported, we have, as stated in the fourth 
subdivision of the problem, § 157, the transverse area of the 
ring of metal, as the added condition given with those above 
named, the following equations obtain, in which, as before, 
the external diameter is represented by re, and the internal 
by z. 

/1. 69 

^•« - z^'^ = Ultimate Load x . 

42.35 

In which the Ultimate Load represents the estimated load 
multiplied by the coefficient of safety, and /, the known length 
of the pillar. 

And, secondly, 

aja - 2* = Given transverse area -^ 0.7854. 

Or, in y^ords, given the difference of the squares of two 
numbers, and the difference of their 3.5th powers, to deter- 
mine the numbers — a problem which by no means surpasses 
the resources of algebra, but the process would be too intri- 
cate for the practical determination of the diameters of a pil- 
lar, and in the end, moreover, involve methods of proceeding 
as completely tentative as those about to be given. 

For instance, selecting a certain external diameter, from 
it we easily deduce the internal diameter answering to the 
condition that the given transverse area of the ring of metal 
may be contained between them ; and having thus all the 
dimensions of the column, we can calculate its ultimate 
strength by the aid of the Table of 3.5th powers of numbers, 
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taking out the nearest values of the diameters to be found in 
it for the first approximation. 

We may, however, very greatly limit the range of the 
numbers from which to select the values of the external dia- 
meters, by a knowledge of certain rules or customs derived 
from long experience, which obtain in practice. Thus, in the 
first place, we may observe in good examples a major and a 
minor limit to the thickness of the ring of metal in a hollow 
pillar, in the very largest of which, of late years, the thick- 
ness does not exceed, if indeed it come up to, two inches; 
and, on the other hand, the smallest columns are never much 
less than half an inch, — it being advisable, and in the end more 
economical, to use a greater quantity of metal than is abso- 
lutely necessary, rather than risk any unsoundness in the cast- 
ing: a defective casting must, if it be perceived, be broken 
up and re-melted at a considerable cost, or, if not perceived, 
may endanger the structure in which it is applied. And if this 
rule as to thickness be not sufficient, we may also abridge the 
labour of this tentative determination of the unknown trans- 
verse dimensions of the required pillar, by applying, as in the 
third subdivision, § i6q, some ratio of height to mean exter- 
nal diameter, falling within the usual limits of this propor- 
tion, which may be taken to be, as already intimated, from 
about 50 to I to about 20 to i. 

First, then, let us investigate the method of determining 
the external and internal diameters of a hollow column, when 
we are given the transverse area of the annulus, and have 
selected lits thickness, which is always half the difference of 
the diameters. 

We have, therefore, 

0.7854 («' - z^) = given area; 
so that 

x^ - z"^ ^ given area -;- 0.7854 ; 

and as oj* - z* = a? + 2: X a? - ^, and x - zis equal to twice the 
assumed thickness^ we have 

sum of diameters = (given area -h 0.7854) -r- (2 x given thick- 
ness). 

Again, as half the sum, plus or minus half the difference of 
two unequal numbers, is equal to the greater or the less, ac- 
cording as we take |ie former or the latter sign, we thus ob- 
tain the external and internal diameters, which correspond to 
the assumed thickness. 
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As an example — let us suppose a certain structure re- 
quires a column 29 ft. high, and that the estimated load it has 
to support, multiplied by the coefficient of safety, gives an ul- 
timate load of 480 tons, the supposed transverse area to be em- 
ployed amounting to 30.2 square inches. 

We have x'^-^z^- 30.2 -5- 0.7854 = 38.4517 square inches. 

And, bearing in mind what has been stated as to the pru- 
dent or customary thickness of the metal, let us assume a 
thickness, first of 0.75 inch, and again of 1.25 inch, giving 
a difference of diameters of 1.5 and 2.5 inches, respectively. 
The sum of the external and internal diameters in these two 
cases will be 38.4517 -4- 1.5 = 25.6345 inches, and 38.4517 
-5- 2.5 = 15.3807 inches, respectively. 

And therefore we shall have 

^' ^^ 4. -l5 = i^.c'7 and 12.07 inches, 
22^^' ' 

for the external and internal diameters, with the first value of 
the thickness. 
Again, 

•^ — T- ± — = 8.94 and 6.44 inches, 
2 2 

for those of supposed greater thickness of 1.25 inches. 

The transverse areas of each of these pillars will be equal to 
that with which it is proposed to construct the column, namely, 
30.2 square inches, but their ultimate strengths will be very 
different. We will have, for the thickness of 0.75 inch, the 
equation, 

42.35 X -il5Z L_i — = Ultimate strength. 

241*94 

The value of 29^-*' being taken from the Table of numbers 
raised to the index 1.63, opposite to which we also find the 
log T. 243 1457, deduced below, 

Now, as an approximation, we may take from the Table 
of 3.5th powers the numbers answering to 13.60 and 12.10, 
whicharethenearesttothoseabovedetermined, namely, 9276.54 
and 6162.40, the difference between them being 31 14.14. 

Hence» log 42.35 - log 24 1 .94 + log 3 1 14. 14 = log ultimate 
strength. 

From log 42.35 = 1.6268534 
subtract log 241.94 = 2.3837077 

log of quotient, T.2431457 
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N0W9 as tbe length is given, we may use this resulting log 
in all our trials for suitable diameters, without any further 
trouble in each particular case, but to find the log of the dif- 
ference of the 3.5th powers of the diameters. 
Hence 

To 7.2431457 

Add log 31 14.14 = 3-4933382 

2.73^4839 

answering to the number 545*1 « which is therefore the ulti- 
mate strength in tons, with these diameters of the column, 
being 65.1 tons more than is required. 

If we calculate for the exact diameters resulting from the 
thickness 0.75, namely, 13.57, and 12.07, we have 

3.5 X log 13.57 = 3-9640293, which gives 9205.11 
3.5 X log 12.07 = 3-7859755? >j 6109.12 

Difference of 3.5th powers of diameters, 3095.99 
hence. 

To log opposite 29*-'' = 7.2431457 
Add log 3095.99 = 3.4907995 

log of quotient, 2.7339452 

answering to 541.932, showing the utility of the Table, the 
use of the nearest numbers in which gave a result only differ- 
ing from the former by about 3 tons. 

It remains next to calculate the ultimate strength for the 
thickness of 1.25 inches, with the same length, load, and 
transverse area. The external and internal diameters, we 
have seen, must now be 8.94 and 6.44 inches. The nearest 
to these in the Table of 3.5th powers will be 9 and 6.50, 
which, when raised to that index are 

p8.5 =2187.00 

6.50**' = 700.16 

Difference, 1486.84 
and, as before. 

To log opposite 29**', 1.243 1457 
Add log 1486.84 = 3.1722642 

log quotient, 2.4154099 
answering to 260.26 tons, which is too small by 219.74 tons. 
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It is evident that these ultimate strengths of the pillar are 
proportional to the difference of the s-jth powers of the dia- 
meters, 542 tons having the same ratio to 260 that 3096 has 
to 1487. 

To obtain the exact diameters, we may either proceed ten- 
tatively, by making trial of thicknesses intermediate between 
0.75 and 1.25 inches, which we see can be effected without 
much labour. Or we may form a diagram, showing by a 
curve, as in the last section, the increase of strength with the 
increase of the external diameter, when the transverse area is 
given and constant. 

Let the horizontal line, fig. 37, represent the external diame- 
ters in inches, at the same scale as figs. 3 5, 36, the verticals also, 
as in fig. 36, representing tons, at 200 tons to an inch. With 
a given transverse area of the ring, as 30.2 square inches, it is 
evident that the first vertical must be at the point on the ho- 
rizontal which marks the diameter of a solid pillar, having its 
transverse area equal to the given annular area ; for, as we gra- 
dually decrease the external diameter, the internal must also 
diminish, and finally become equal to zero, and at the same 
time, the assumed thickness of the ring must become equal to 
half the external diameter. With this final value we have, 
in the present example, 0.7854 xx^ = 30.2 sq. inches ; and conse- 
quently, a = \/38-45i7 = 6.2 inches. 

The position of the first ordinate being thus obtained, its 
length is determined by calculating the ultimate strength of 
a solid pillar, 6.2 inches in diameter, and 29 ft. long. In the 
Table we have 6.2^'* = 59343> 

and to log opposite 29^*'' ft., T.2431457 
add log 593.43 = 2.7733695 

log of product, 2. 0165152 

giving 103.88 tons, which, taken from the diagonal scale, is 
plotted in fig. 37 at 6.2 inches on the horizontal line. 

It is evidently not necessary to plot the whole curve in 
order to obtain the diameters for any particular strength of 
pillar: having obtained, as above, external diameters greater 
and less than that required, we may confine the calculation of 
the ordinates to those that lie between those two points on 
the horizontal line. 

But in order to exhibit the curve for this example for a 
considerable portion of its length, the following ordinates, for 
ultimate strength in tons, have been calculated : — 
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Solid pillar, 6.2 inches diameter, 29 ft. long, 103.88 

HoDow do., 8 inches and 5.0545 inches, . . 202.67 

» 10 „ 7.845 »> 316.82 

99 12 „ 10.27 99 440.17 

5» 13-57 » ^2-07 » 541-93 

Through the points thus found a curve was carefully 
drawn, and 480 having been laid off on the vertical scale of 
tons, and a parallel drawn through the point so found to cut 
the curve ; and, again, from this point on the curve a perpen- 
dicular being let fall upon the horizontal line of inches, it 
was found to intersect at 12.62, giving the external diameter 
of the proposed column : the internal is found by the following 
calculation : — 

12.62* - -z' = 38.4517 square inches; 
consequently, 

z^ = V 159.26 - 38.45 = 10.99 inches. 

We may check the accuracy of this method of obtaining 
by diagram the external diameter, by calculating what the 
ultimate strength of this pillar would be, and comparing it 
with the given load of 480 tons. 
Thus, 

12.62®' « 7140.16 
10.99®-' ~ 4400.40 



Hence 



Difference « 2739.76 

To log opposite 29**", T.2431457 
Add log 2739.76 = 3-4377125 



log of product, 2.6808582 

answering to 479.576. 

This was the result of the very first trial of the curve, 
which cannot be expected in all cases to give such close ap- 
proximations. 

The pillar will, therefore, have a thickness of 0.815 inch, 
and a ratio of length to mean external diameter of 27.6 to i. 
This thickness is less than y^^th, and it would be prudent to 
increase it to i inch at least ; the external and internal diame- 
ters will therefore be 12.62 and 10.62, and the area increased 
from 30.2 to 36.5 sq. inches, the consequent increase in the ul- 
timate strength being from 480 to 566.6 tons. If this last 



*^ 
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increase had been in the ratio of the increase of area, it would 
have been 584 tons. 

It will be evident that, as the data of this fourth subdivi- 
sion are sufficient, any other conditions added to them, and 
which may not be consistent with them, such as the thickness 
of metal, &c., will give the problem the character of deter- 
mining the question. Can a pillar with a given transverse 
area be constructed with such and such dimensions, or of such 
a weight or cost, which depends upon the weight? 

The area being given, evidently determines the weight, 

which maybe calculated thus : — since 5 cubic feet of cast iron 

weigh a ton, a column, solid or hollow, 5 feet in height, 

and I square foot in section, will weigh one ton; and the 

weight of the same, if, as in the present example, 29 ft. high, 

will be 

20 
c : 20 : : I : -^ = C.8 tons. 

5 

But the transverse area is only 36.5 sq. inches, instead of 
I square foot ; therefore, 

144 : 36.5 :: 5.8 : 1.47 tons, 

neglecting the weight of the square flat base and top or capi- 
tal. And at £9 los. per ton, the cost of each column will be 
£14 very nearly. 

We may now consider the other tentative solution of the 
questions which arise under this subdivision, namely, by the 
aid of an assumed ratio of length to diameter, keeping in view 
good precedents derived from structures which have long ful- 
filled their intended purpose, and all the other practical limits 
already mentioned, which may be observed to obtain. 

As another example, let us suppose a column 25 ft. high, 
intended to support a load which, multiplied by the " coeffi- 
cient of safety," duly decided upon by reference to the special 
circumstances of the case, amounts in one part of the structure 
to 600 tons, and in another to 380 ; the transverse area of the 
ring of metal being 29.5 square inches in the section taken at 
half the height of the pillar, when it is constructed of a taper- 
ing form. Calculate, in each of these cases, the external and 
internal diameters of the pillars. We may, in conclusion, 
bring both the resulting thickness of the ring of metal and 
the ratio of length to lateral dimension to the test of acknow- 
ledged ordinary rules of practice, and, if needed, modify the 
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given area by either enlarging or diminishing its amounti as 
the result of the investigation may point out. 

If we apply to the given length of pillar, virhich is 25 ft., 
the extreme ratios of height to diameter, of 50 to i, and 20 
to X, we shall obtain for the first ratio an external diameter of 
6 inches, and for the second of 15 inches. The former, even 
if it were not considered too slender, would be impossible, 
with an area of ring of 29.5 sq. inches; for the transverse area 
of a solid pillar, 6 inches in diameter, is only 28.274 square 
inches. The diameter of the circle equal in area to 29.5 
square inches is 6.128 inches. 

The external diameter of 15 inches would certainly, in 
most situations, be considered to have the opposite defect to 
that of being too slender ; and tested also by the resulting 
thickness of the metal, the transverse area of the ring being 
29.5 square inches, will be found unsuitable from a deficiency 
in this point of view. 

The internal diameter z is thus found from the equation, 

0.7854 (15'-^') •=29.5. 
Solving for z^ we have 

^ 0.7854 

and, therefore, 

z ^ ± v^225 - 3756 = 13.69 inches; 

so that the difference of the diameters will be 15 - 13.69 =1.3 1, 
and the thickness of the ring 0.66 inch, which is much too 
small, being less than -j^^th of the outside diameter, or even 
the very usual thickness of i inch. 

For the ultimate strength we have, since 25**" « 189 95, 

42.0 r X -^ ^^-^ — -= Ultimate load in tons. 

^ ^^ 189.95 

Opposite 25^-" in the Table we find a logarithm obtained 
as follows : — 

From log 42.35 - 1.6268534 
Subtract log 189.95 = 2.2786393 

Constant log for this given length = 7.3482141 
Add log (i5»* - I3.693'* =) 3S78i2 = 3-553^549 

log of product, 2.9018690 
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answering to 797.75 tons, indicating a higher strength than 
required, namely, 600 tons. 

If, again, we assume the ratio of length to diameter to be 
2$ to I , we shall have an external diameter equal to 1 2 inches, 
which, with the given area of the transverse section of the 
metal, determines z, the internal. Thus, 

0.7854 (12* - a') = 29.5 square inches. 

Solving for z we have 

z = ±\/i44 - 37.56 = 10.317, 

which would give a thickness of 0.841 inches, being rather less 
than good practical examples would warrant. 
For its ultimate strength we have, since 

12'-* - I0.3I7'-' = 5985.96 - 3527.26 = 2458.7, 

as before, 

log (42.35 -^ 189.95) = T.3482141 
Add log 2458.7 = 33907055 

log of product, 2.7389196 

answering to 548.175 tons, which is below that which it is 
sought to obtain. 

Intermediate between 1 5 and 12 let us, in order to draw a 
curve as in last section, make trial of 13.5 inches, which is a 
ratio of nearly 22 to i ; for the corresponcUng internal diame- 
ter we have, as before, 



z t=>± v^ 1 82.25 - 37.56 «= 12.02 inches ; 

the resulting thickness will therefore be 0.74 inch, the diffe- 
rence of diameters being 13.5 - 12.02 inches, and for the ulti- 
mate strength, 

Tolog T.3482141 
Add log (i3.5'-« - i2.o2'» «) 3019.04 « 3.4798689 

2.8280830 

answering to 673.1 tons. 

With a ratio of very nearly 29 to i, we will have external 
and internal diameters of 10.39 and 8.39, respectively, giving 
a thickness of one inch, and the difference of their 3.5th 
powers being 1903.71 ; so that 
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To log 1,3482 141 
Add log 1903.71 «= 3.2796008 

2.6278149 
answering to 424.3$ tons. 

We may with these four results, namely, 797-75^ ^73-io» 
$48.17, and 424.83 tons, and their several corresponding ex- 
ternal diameters, construct, as in the last section, a curve, the 
external diameters being laid off as abscissae on a horizontal 
line, Fig. 38, from a common zero, and the ultimate strengths 
as vertical ordinates, the respective scales being, for the for- 
mer, 3 inches to an inch, and the latter, 200 tons to an inch. 
By the aid of this curve we may obtain the lateral dimensions 
of the pillar from its given ultimate load, or, conversely, from 
its external diameter obtain the corresponding strength,-~each 
different height and transverse area of a column requiring 
an appropriate curve. It is only necessary to obtain a few 
points on each side of the required dimension, and draw that 
small portion of the curve that they give to obtain the re- 
quired result, which therefore entails but a small amount of 
labour. A very considerable length of it is given in Fig. 38, 
from its first point to about 900 tons of ultimate strength. 
The first point is thus found : — we must calculate the vertical 
ordinate or ultimate strength of a solid pillar, having an area 
equal to that of the given annulus, and draw this vertical at 
the point on the horizontal answering to the diameter of this 
solid pillar, which diameter is evidently the minor limit of ex- 
ternal diameters, with a given area of the ring of metal ; for, 
with it, the internal has necessarily become equal to zero. 
This dimension is thus obtained : — since 0.7854 x d^ = 29.$, 

we have d-± ^"37. $6 « 6. 1 286 ; and for the ultimate strength 
of this pillar, 25 ft. high, we have 

log opposite 25^" = T.3482141 
Add log (6.1286'") = 2.7$j764j 

log of product = 2.1039786 

answering to 127.05 tons, which is the vertical plotted in 
fig. 38, at 6.1286. Those at 8 and 7 inches external diame- 
ters were found by calculation to be 254.14 and 186.46 tons, 
respectively, and plotted at these points at the proper scale. 

The application of the curve is very simple. Thus, 
through the point on the vertical scale corresponding to 380 



158 PRACTICAL APPLICATIONS AND EXAMPLES. 

tons. Fig. 38, draw a line parallel to the line of diameters; 
this gives us a point on the curve, from which, if we let fall a 
perpendicular on the horizontal line, its intersection will be 
found to be at 9.8, which is, therefore, the external diameter 
in inches. By the method of calculation already detailed, we 
find the internal corresponding to it, so that the area of the 
annulus between them may be equal to that proposed, namely, 
29.5 square inches, is 7.647 inches, and therefore the thick- 
ness of the ring of the metal will be 1.08 inches. Checking 
these results of the diagram by actual calculation, we find that 
with the above diameters of 9.80 and 7.6472, the ultimate 
strength is 381.2 tons, which is a sufficiently near result. 

In like manner, drawing a horizontal line through the 
point on the vertical corresponding to 600, we find the per- 
pendicular from it cuts the line of diameters at 12.65 inches ; 
this is the external diameter, and from it the internal is de- 
duced by the expression 2; = ±\/ 160.0225 - 37.56 = ii«o66. 

Checking, as before, the accuracy of the method of solv- 
ing the question by diagram, we calculate the strength of a 
hollow pillar of the length 25 ft. ; and with 12.65 and 1 1.066 
inches, as given by the diagram, for the external and inter- 
nal diameters, we find then, first, that 12.65'' - 11.066'" = 
269 1 .94. Therefore, 

To log opposite 25***S which is T. 3 482 141 
Add log 2691.94 = 34300653 

Product, 600.177, answering to 2.7782794 

But the thickness of the metal with the above lateral dimen- 
sions would only be 0.792 inches ; and if to obtain a greater 
thickness, with this transverse area, we reduced the external 
diameter, the strength would then also be reduced, so that if 
that thickness be deemed too small, as it probably would be, 
we must, to acquire the proposed strength, add to the area. 

We may take the assistance of another principle in short- 
ening the process of tentative determination of the lateral di- 
mensions of hollow pillars, namely this; the ultimate strength 
of a hollow pillar of any length, whose external diameter is 
double that of a solid pillar of the same transverse area and 
length, is 4.5 times greater than that of the solid pillar. We 
will take solid pillars of 3, 5, and 6 inches, respectively, and, 
calculating the internal diameters of the hollow pillars of equal 
area, having 6, 10, and 12 inches diameters, we have 
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Diameters. 


Comparative^Strengths. 


Solid 
Pillars. 


Hollow Pillars of 
equal area. 


Solid 
Pillar. 


Hollow 
Pillar. 


4.5 X Solid. 


3 

1 


External. Internal. 
6 and 5.196 
10 „ 8.66 
12 „ 10.393 


46.76 
279.51 
529.10 


209.32 
1251.04 
2366.86 


210.44 
1257.80 
2380.95 



The numbers in the comparative strengths are simply the 
3.5th powers of the diameters of the solid pillars, and diffe- 
rence of the 3.5th powers of the external and internal diame- 
ters of the hollow ones. With any particular given length, 
we have but to multiply the numbers thus obtained by the 
quotient of the constant 42.35, divided by that length raised 
to the 1 .63 power, and we obtain the comparative number in 
tons. To apply this truth in aid of the selection of diameters 
in a proposed hollow pillar, we must calculate the diameter 
and ultimate strength of a solid column having the given 
transverse area and length; then, if the given ultimate strength 
is less than 4.5 times that of the solid pillar, we know at once 
that the external diameter of the proposed column is less than 
double that of the same solid pillar. 

The last column in the Table shows the excess of 4.5 
times the comparative strength of the solid pillar above that 
calculated for the hollow one of same area, and is about ^ per 
cent, greater. It will be observed, also, that the thickness of 
the ring in the several hollow pillars is about one-fifteenth of 
the external diameter. 

It could in like manner be shown that when the external 
diameter of a hollow column is 3.3 times that of a solid one of 
same transverse area, then its ultimate strength is nearly ten 
times greater. Thus, for example, a solid column, 3 inches 
in diameter, will have the same area as a hollow one of 10 
inches external, and 9.53939 internal, and 3'-* « 46.765, also 
(lo'-' - 9«53939'*'*) = 481. 1 1, which is only 13.46 greater than 
ten times the former. 

Let the given transverse area of a hollow pillar, at the 
middle height, be equal to 20 square inches, the structure 
requiring the colunm to have a height of 17 ft., and the esti- 
mated load, when multiplied by the ** coefficient of safety," 
being 310 tons, — determine by a diagram the external diame- 
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ter, and, from this last, the internal diameter and thickness of 
the metal in the intended column. 

We may proceed in the following order : — First calculate 
the diameter of a solid pillar, whose transverse area will be 
equal to the given 20 sq. inches ; and, secondly, the ultimate 
strength of such a solid column, 17 ft. high, which will give us 
the first point of the curve. We may then at once ascertain 
whether the required hollow pillar has an external diameter 
less or greater than double that of the solid pillar, by observing 
whether the given ultimate strength required is less or greater 
than 4.5 times that of the solid pillar; limiting at once our choice 
of external diameters to those altogether within, or altogether 
without, this double diameter. Selecting, thirdly, some whole 
number of inches for an external diameter, we deduce the cor- 
responding value of the internal, and, calculating the strength 
of this pillar, plot it up, by scale, as an ordinate at the proper 

diameter on the horizontal line. About three such calculations 

« 

will be sufficient, and give three points on the curve very near 
that one which we are seeking, and through them a portion of 
the curve may be drawn sufficient for the object in view. 

First, then, x being the diameter of the solid pillar, we 
have 0.7854 a:* « 20 sq. inches. 

Hence a: = ± \/2o -r- 0.7854 = ±v 25.4647 = 5.046 inches. 
Secondly, for the ultimate strength we have 

To 3.5 X log 5.046 = 2.4603152 
Add log opposite i7**'' in Table of lengths = T.62 12224 

Product, 120.65, 2.0815376 

If now we double this diameter, which gives us 10.092 
inches, we have the ultimate strength of a hollow pillar of 
that external diameter, and having 20 square inches in trans- 
verse section, the height being 17 ft., equal to 543 tons very 
nearly. Therefore all our trials for dimensions which will 
give 310 tons must be within 10 inches as external diameter. 

It will greatly facilitate our determination of the three 
points in the curve, if we select some whole numbers for ex- 
ternal diameter ; we will then take 8, 7, and 6 inches. The 
internal diameters corresponding to these are 6.2077, 4.8513, 
and 3.246 inches ; and therefore the thickness of metal in each 
will be 0.8962, 1.0743, and 1.377 inches, respectively. 

For the ultimate strength we shall genendly have to cal- 
culate the 3.5th powers of the internal diameters, aa the deci- 
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mal part will seldom exactly agree with those given in the 
Table of 3.5th powers; but if the internal diameters have 
been calculated by logarithms, the labour will be but small, 
the several operations contributing to the result. Thus, for 
64 ^ 25.4647 » 38-5353» we have 

log 38-5353 ^ 1.5858588 
Divided by 2 for lo^ of 6.20768, the" square root, = 0.7929294 
Add one-half for the decimal part of 3.5, the index 
0.3964647 

log of 6.20768*-* = 2.7752529 
answering to the number 596.009. 

Then, from the Tables of 3.5th powers we have 

8'* = 1448.15 

6.20768'-* = 596.009 

Difference = 852.141, the log of which, 2.9305115 
added to log opposite 17*" in Table, T.62 12224 

Product, 356.233, 2.5517339 

being the ultimate strength in tons, and also, at the proper 
scale, the vertical ordinate at 8 inches on the horizontal line 
of diameters in Fig. 39. 
In like manner, 

log (78*- 4.8513**) = 2.8169436 
To which add log opposite 17^*^* in Table, 1.62 12224 

Product, 274.262, 2.4381660 
And again, 

log (6*-* - 3.246'-*), 2.6697542 
Add, as above, T.62 12224 

Product, 195.4, 2.2909766 

In fig. 39 are plotted at 8, 7, and 6, the ordinates 356.24, 
274.26, 1 95 ,4, and the curve drawn through their upper points ; 
and although these three are sufficient to obtain the result, it 
has, nevertheless, been drawn from the first point, and also 
through that corresponding to 10.09 inches diameter, namely, 
539 tons. We now take off 310 on the scale of 200 to an 
inch, and, the zero being on the horizontal line, lay it off on 
any two verticals, so that one of the upper points may be out- 

Y 
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Bide) and one inside the curve. Drawing a line througli these, 
we cut the curve, and reading by the 30 scale the value of the 
horizontal portion nearest the left-hand ordinate, we have the 
decimal part of the sought external diameter. Thus, in fig. 39, 
on the ordinates at 10 and 6, we lay 08^310 by the scale of 
200 to an inch ; through the points thus found we draw the 
dotted line cutting the curve, and by the 30 scale ascertain that 
the point is 0.45 beyond the vertical ordinate through 7, and 
therefore the external diameter we are seeking is 7.45. To 
test this by actual calculation, we shall require the values both 
of 7.45* and 7.45'''^» 

log 7.45 = 0.8721563 

2 



2nd power 55.5025, 1.7443 126 

For 3.5 power add the above, 0.8721563 

and the half of do., 0.4360782 

7.453-' = 1128.62 = 30525471 
To obtain the internal diameter and its 3.5th power, 

From 7.45* « 55.5025 
Subtract 20 -r- 07854 = 25.4647 

Square of internal diameter = 30.0378 

^ ^ log 30.0378 = 1.4776682 
Divided by 2 gives 0.7388341, answering to the root 5.4807 
Half this last, 0.3694 170 

5.48073-* = log 2.5859193 = 385.41, 
Again, 

log (1128^.62 - 385.41 =) 743.21 = 2.8711115 
Add log opposite i7^-'', 1.62 12224 

Product, 310.7 = log 2.4923339 
showing a very close coincidence. The thickness of the me* 

tal in this column will be 7.45 - 5.48 -4- 2 = 0.985 inch, 
which in practice would be made one inch, and the ratio of 
the length to the diameter is 27.38 to i. With a taper or 
diminution of the diameter from the base upwards of an eighth 
of an inch on the diameter for every foot in height, we have 
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the top 6.4 inches, and the bottom 8*5 inches, in external 
diameter. 

162. We may now proceed to the second case mentioned 
in § I $39 page 135, namely, to calculate the ultimate load 
that pillars of given dimensions will sustain. The calculation 
is simple, but always requires the use of logarithms. If the 
given diameters and lengths are found in the Table of powers 
of numbers given at the end of these " Practical Applica- 
tions," very little remains to be done ; and if not, the diagram, 
fig. 35, will solve the question approximately, or we may use 
the method of interpolation explained in pages 138, 139. 

Let it be required to calculate the load that a cast-iron 
pillar, 14 ft. long, and having an external diameter of 6.2 
mches, and internal of 4.1 inches, will sustain. We have, on 
performing the required involutions, i4i'«3 = 73.82, also 6.2''* 
« 593.43, and 4.1^"* =139.55. So that the ultimate strength 
of such a column will be 

593.43 - 139.55 ^ X 

42.35 X J^J -^ ' = 260.45 tons. 

^^ 73*82 ^ 

Mr. E. Hodgkinson, using the indices 3.6 and 1^.7, as de- 
duced from his earlier experiments, and the constant 44.16 
(pages 87 and 97), makes it 275 tons. 

It may be well here to refer the student to the remarks in 
§34, page 17. The coefficient of stability in the case of pil- 
lars must be even higher, perhaps, than that in other applica- 
tions of material, inasmuch as a number of pillars are gene- 
rally combined, at certain intervals of distance, to support a 
continuous mass, it may be a vertical wall, or a warehouse 
flooring, &c. ; and the shghtest irregularity in the foundation 
below, or settlement above, even though not rendered visible 
externally, may throw an undue proportion of load upon some 
one of the series of supports. The ultimate strength of pillars 
is generally made from six to ten times greater than that of 
mere equilibrium. 

1 63 . In large towns it is frequently necessary to adapt build- 
ings which have been dwelling-houses to purposes of busi- 
ness, in which operation they generally endeavour to leave the 
upper stories and walls standing, and, having temporarily 
shored them up, the permanent horizontal beams, either of 
timber or cast or wrought iron, are introduced, and these are 
supported at intervals by vertical pillars of cast iron. An in- 
structive account of this operation on a large scale is given by 
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Mr. Ander B(m, in the Trandaciions of the Institutioh of Civil 
Engineers of Ireland, vol. v., page 183. 

The pillars supporting the back vrall of the house, the 
lower part of which was cleared away to give open space for 
the cash-ofBce of a bank, as described in the paper referred to, 
were 26 ft. high, and the external diameter at the base 14 
inches, that at the top being 12 inches, fig. 40, 40a, &c^ the 
thickness of the ring of metal being i^ inches. 

Now, this hollow truncated cone will contain the same 
quantity of metal, namely, 14396.4 cubic inches, as a hollow 
cylinder 13 inches external diameter (i. e» the arithmetic 
mean of 14 and 12), and i| inches thick; and the strength of 
the truncated column is not very much less — about three per 
cent. — than that of a hollow cylinder of the same weight and 
external diameter, as appears from Table § 148, page 131, Ex^ 
periments 3 and 4, and the remarks at the end of page 129. 
So that we may calculate the strength of this imiformly taper* 
ing pillar as if it had been a uniform cylinder, 13 inches ex- 
ternal, and 10^ internal diameter. Therefore, 

42.35 -^ — rr.iT^ — = Breaking weight in tons, 

that is 42.35 79^14 -375^^3 . ^ ^ ^ 

which is more than six and a half times greater than its com-^ 
puted probable load. 

In the paper referred to in this example, the author gives 
an instructive account of the method adopted to keep the core 
in the centre of the casting, which, with what has been given 
in pages 109, in, will point out to the student the practice 
in this part of the founder*s art. 

Cast-iron columns are, in practical construction, generally 
made tapering; and this last example may be taken as a good 
precedent: in it we have i inch of slope inwards upon 312 
inches, or 26 ft., of vertical height, say one in three hundred. 

Aware of the importance of a flat and firm bearing, the 
ends of these pillars were turned true in the lathe, and the 
base, fig. 40a, which was a separate casting, 2 feet square, 
and 3 inches thick, was turned on the upper and planed on the 
lower face. The foundation stone having been set perfectly 
level, and dressed to fit the plate exactly, the latter was laid 
truly in its place, and secured by means of iron dowels run 
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with lead. The cap, fig. 406, was also turned on the under side, 
and both it and the base had projections ^ inch high entering 
the column, to prevent any lateral displacement. The space 
between the beam and the top of the cap was filled with bars 
of flat iron, and cast-iron cement tightly driven in. 

164. Tredgold, in his ^* Practical Essay on the Strength 
of Cast Iron,'' gives the following examples : — 

Let it be required to support the floor of a warehouse by 
iron pillars, where the greatest load on any pillar will be 70 
tons, the height of the pillars being 14 ft. Let x be the re- 
quired diameter of the pillar ; then, 

42.35 X ^173 = 70 X 6 - 420. 

Supposing the coefficient of stability to be 6. 
We have, therefore, 



X 



/73.822c X 420 8.5/ ^ ^ . , 

= 8.5/1^ ^ = V 732.124 = 6.C834 mches. 

\ 42.3s ^ ^ ^ 



Tredgold gives 84 inches, but does not state the coefficient 
of stability he applied, and makes his calculation on assump- 
tions which had no experimental basis. 

No person practically acquainted with the foundry would 
now order a solid pillar of either 6.6 or 8.5 inches diameter — 
half the material in a hollow pillar about three-quarters of an 
inch thick would give greater strength. 

165. The same author also gives the following example: 
Calculate the diameter for story posts (columns) of cast iron 
to support the front of a house, the lower part of which is to 
be occupied with shops. In such a case, each foot in length 
of frontage may be estimated at 25 cwt. for each floor, and 
12 cwt. for the roof, per foot run of front : hence, in a 
house with three stories over the shops, the extreme load will 

be, in cwts., 3 x 25 + 12 = 87 cwt. on each foot of frontage. 
Now, if the story posts or pillars, which are 1 2 ft. high, be 
7 ft. apart, we have the load upon each in tons 7 x 87 = 609 
cwt. = 30.45 tons; this, with a coefficient of stability of 8, will 
be 243.60 tons; and, as before, we have 

r = ,JS7'42X 243.6 ..4/ . , 

X = 3.^^„^.jy_ = ^3x4. = 5.24 inches. 

If in the former of the above examples from Tredgold, in 
which the solid pillar would require a diameter of 6.583 inches, 
we seek the dimensions of a hollow pillar having the same 
quantity of material, and a thickness of 1.25 inch in the ring. 
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and compare its strength with that of the solid pillar, we 
have the following result, remarking first, that the rectangle 
under the sum and difference of the external and internal dia- 
meters of a hollow pillar is equal to the square of the diameter 
of a solid pillar of equal content, each being multiplied by 0.7854 
for circular areas, and that the difference of the diameters is 
equal to twice the assigned thickness ; also that twice the 
lesser diameter, plus the difference, is equal to the sum of 
the diameters. We have, therefore, calling the lesser of the 
two Zy the sum of the diameters equal to 2.50 -f 22:, and the 
area of the solid pillar 6.583 inches diameter being 

6.583* X 0.7854 = 34.036 sq. inches, 
we have 

0.7854 X 2.50 X (2.50 + 2z) = 34.036; 

dividing and reducing, we have 2? = 7.417 inches for the inter- 
nal, and consequently 9*917 inches for the external diameter. 
The ultimate strength of this pillar will therefore be 

0.017'*' - 74^7''* '?o7i«5 - I III.'? 

42.35 X ^^-^1-^- - 42.35 73.8, 

= 1 1 24.56 tons, 

or nearly 2I times stronger than the solid pillar having the 
same quantity of metal. Even had we supposed the quantity 
of mel^ in the hollow pillar to be but half that in the solid — 
that is, having only 17.018 sq. inches area — the thickness 
being as before, 1.25 inch, we would have had its ultimate 
strength nearly three times the load of 70 tons. In this 
case, 

17.018 square inches = 0.7854 x 2.5 x sum of diameters, 

dividing we have the sum of the diameters equal 8.667 inches ; 
hence the external is equal to 5.583 inches, and the internal to 
3.083 inches, and the strength 

411. 184 - 51.4C'? 
42.35 X , "^ = 206.4 tons. 

166. The woodcuts inserted below represent transverse sec- 
tions of the cast-iron pillars used in the first 
Exhibition Building in London, 1 851. The 
elevation and enlarged details of a pillar are 
given in fig. 41, 41a, &c. These cylindrical 
columns were cast with four flat external sur- 
faces, of a breadth of 3 J inches ; the outer dia- 
meter was in every column throughout the 





CAST IRON IN COMPRESSION, 16? 

building precisely the same, Bamely, 8 inches ; but the inte- 
rior was varied, so as to adapt the strength of the pillar to the 
different pressures which they had to sustain 
in the different parts of the building. 

If the external diameter of the pillars had 
been the dimension altered, variations would 
have been required in the length of the girders 
which the pillars supported, and of many other 
parts of the structure ; and the difficulties of 
the construction, and the time required to design and erect it, 
would have been much increased. 

Each pillar had a base piece or shoe, fig. 41a, which spread 
out into a rectangular plate, either 2 ft. by i ft., or 3 ft. by 
2ft., according to the pressure ; and this again rested on the 
top of a mass of concrete on which was spread a thin layer of 
fine mortar, extending down to the gravel foundation, and 
having somewhat greater upper area than the bottom of the 
iron plate. The pillar was bolted down to this bed plate 
by four screw bolts, four projections or lugs being cast on the 
bottom of the pillar, and a corresponding number on the base 
piece. All the columns were turned or faced at the ends, 
and the surfaces to which they are connected are also faced. 
The importance of this can easily be understood firom the re- 
sults of the experiments already given, which have shown the 
advantage in point of ultimate strength of a firm fiat bearing 
for vertical pillars. In another point of view it proved to be 
no unnecessary or expensive refinement, as it was of the ut- 
most importance in facilitating the rapid erection of the build- 
ing, and effected a real economy. In fact, it is scarcely saying 
too much to affirm that the building could not otherwise have 
been erected in the short space of time granted for that purpose. 

Some of the pillars were made use of to convey the rain 
water down the interior hollow, and in this case the base piece 
had a lateral pipe, fig. 41a, which carried it into the general 
drainage prepared underneath the building. In such pillars, 
a piece of canvas covered with white lead was placed between 
the ends of the column and the surfaces of contact above 
and below, thus forming a water-tight joint : no packing or 
adjustment was found to be required to bring the columns 
perpendicular and in range with one another. 

The top of the pillar was provided with projections simi- 
lar to those on the bottom, already described, and imme- 
diately over them. What was called the connecting piece, 
fig. 4ii, was fixed on the top of the column, and bolted down 
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Upon it by four one-inch screw bolts passing through lugs, the 
same as on the pillar : this piece was 3 ft. 4^ inches high, and to 
it were attached the horizontal girders, which were 3 ft. deep, 
and performed the double office of supporting the galleries or 
roof in the upper part, and also of giving lateral support to 
the pillars. It was with the view of giving this support and 
general stiffiiess to the building that the depth of the girders 
was made so much greater than what it would have been with 
the usual proportion of depth to span, which is from one-twelfth 
to one-sixteenth, and these were 24 ft. span and 3 ft. deep, 
pr one-sixth of the span. The length of the pillars between 
the base plate and the connecting piece on the top was 1 8 ft. 
8 inches ; and, for purposes of calculating the ultimate strength, 
this is the length we must take, as this portion was in the po- 
sition of a vertical pillar firmly fixed at each end. In the two- 
story part of the building, a column 16 ft. 7^ inches was 
placed, and bolted at the top of the connecting piece before 
mentioned ; and this shorter pillar itself carried a connecting 
piece of the same depth as that on which it rested. In the 
three-story parts of the structure, another column, 16 ft. 
7^ inches high, was placed on the second connecting piece, 
and, as before, itself carried a third connecting piece ; to each 
of these last, as to the lowermost, horizontal girders were 
firmly attached, supporting either a gallery or the roof, and 
acting as giving lateral stiffness to the whole building, and 
holding the pillars at their ends securely, and in a vertical 
position. The respective heights from the ground-floor to 
the top of the each range of girders were 22 ft. 2 inches, 42 ft. 
2 inches, and 62 ft. 2 inches. 

167. If we neglect the area of the metal contained in the 
four fillets, which may be taken as equivalent to 4 x 3I inches 
X -^^ inch, and therefore amounts to 2.1 sq. inches, we have 
in the case of every pillar an external diameter of 8 inches, and 
an internal varying from 5f inches, which corresponds to 
i^ thickness in the ring, and was that of the lowest and 
strongest pillars, down to 7 inches internal, answering to J inch 
thickness, as in the second woodcut. In the strongest pillar 
we have the ultimate strength as follows, calling the length 
19ft., which is on the safe side: — 

83.5 _ 5.758.5 1448.15 - 455-87 ^ X 

42.35 X T^r— = 42.35 X ^ ^ — '- «= 346 tons; 

-T 02 j^i.63 -^ 00 121.44 ^ 

and upon these strongest columns, situated in the nave, the 
actual weight would be only 60 tons. 
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If we calculate the strength of the pillars 1 inch thick, as 
shown in the first woodcut page 166, which have therefore 
6 inches internal diameter, we have the ultimate strength, 

1448. ic - C20.08 

42.3s X 77777^^ 3^o-5 tons. 

121.44 

Those ^ inch thick, page 167,' which are therefore 7 
inches internal diameter, have an ultimate strength of 

1448. 15 -907-49 ,, 88.5 tons. 

'^ 121.44 

If we suppose that the area of the four flat faces or fillets 
external to the circle, having 8 inches diameter, was placed in 
a uniform ring around and concentric to it, we may calculate 
the addition it would, when thus placed, make to the ex- 
ternal diameter of the pillars, and thence compute the addi- 
tional strength it gave. Let x be this increased diameter ; 
then 0.7854 («' - 8') = 2.1 square inches, so that 



~'>/o.78i; 



+ 8^ = a/66.673 = 8.165 inches. 



7854 

and 8.i65^'' = i554.4> which will have to be used instead of 
8^** =1448.15 in the several calculations of the strength; thus 
the column which was i^ thick would have a breaking weight 
equal to 

4,.3S . 1554.4 - 455-87 ^ 33 tons. 

^^ 121.44 ^ ^ 

The probability, however, is that the strength of the co- 
lumn would be best represented by supposing it to be a uni- 
form cylinder of 8 inches diameter on the outside ; at least, 
Mr. Hodgkinson's experiments on the varied forms of pillars, 
§ 145, do not give any presumption in favour of the ultimate 
strength of those different from the uniform hollow cylinder. 

168. The calculations in the preceding sections will suffice 
to point out the method of determining the requisite thickness 
of the metal in the shafts of cast iron columns under given 
circumstances. It may now therefore prove useful to studyj 
by means of a selection of approved examples, the various 
methods by which engineers have combined the shaft and the 
other essential parts of the column, such as the base piece, the 
capital, the connecting piece, &c. ; so as to give a design, with 
all its details, suited to the particular objects of the structure. 
In some of the previous examples, indeed, this part of the sub- 

z 
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ject has been unavoidably touched upon, when treating of the 
ultimate strength of the shaft. 

169. Commencing then — in the same order as we build — 
with the base piece and its special form and fastenings, we may 
observe generally, as to this part of the column, that there are 
two extreme cases of pillar-supported structures : — One in 
which, as in a covered landing stage for passengers at a pier, 
a good shed at a quay side, or a shed at the junction of dif- 
ferent lines of railway, &c., the pillars support a roof without 
any surrounding side walls ; the other case occurring when, 
as in a warehouse or manufactory, solid walls enclose the struc- 
ture on every side. In the former structures the pillar has 
but little insistent vertical weight to support, and may in 
truth, when calculating its dimensions, be regarded as a ver- 
tical beam, fixed at one end, that is, at its base, and loaded at 
the other, namelyi where the roof is attached to the upper 
part of the pillar, the horizontal force of the wind acting on 
the roof so as to produce a transverse load upon the several 
columns, the base piece consequently requiring to be fixed to 
the foundations in the most secure manner ; otherwise, under 
the influence of violent storms of wind, the whole structure 
would bq liable to be thrown down or carried away laterally. 

In the second case, that is, when the building is closed in 
on all sides by substantial walls, the internal lines of columns 
iire performing their proper duty of supporting great vertical 
pressures ; but in designing the details of the base, it is only 
necessary — ^after providing suflicient bearing area — that it be 
truly bedded on its foundations ; and if any dowel-pins or 
screw-bolts are made use of, it can only be for the purpose of 
obviating the danger of some lateral displacement during the 
process of erection. 

170. The building, constructed for the International Exhi- 
bition of London, in 185 1, was a structure in which cast iron 
pillars formed an essential feature, and it affords an instructive 
example of the method of applying them to answer different 
purposes by varied adjuncts and details. We place it first 
among the following examples as having, in the sections im- 
mediately preceding § 166, &c., p. 166, given the calculations 
of the ultimate strength of the form of the pillars employed 
in it. 

The careful study of all the details of any work such as 
this now under our notice cannot fail to be useful to the be- 
ginner. The most inventive mind is oflen times more depen- 
dent on precedent, when designing, than it may be willing to 
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acknowledge, or even be aware of, and is most certain of 
fulfilling its own particular object when fully acqudnt«d with 
all that has been effected by others in circumstances more or 
less similar, — this course being, in fact, to make the experience 
of others our own when workmg out any required design. 

171. The Commissioners appointed, in 1 850, for carrying out 
the idea of an International Exhibition, had, in answer to their 
adyertisement, receiyed about 240 plans for the required build- 
ing, from nearly every civilized country as well as from Great 
Britain ; but, rejecting these in toto, they proceeded themselves 
to frame a design. Valuable time was thus lost ; and, as their 
own design would have involved, amongst other things, the 
laying of about 17,000,000 of bricks, chiefly during the next 
succeeding winter, they were undoubtedly in a position of 
some difficulty, if the long fixed day of opening, namely the 
I St of May, 1851, was to be adhered to. 

The examination of competitive designs by those who have 
invited them has often resulted, both before and since, in a 
similar course of proceeding, and always with the same result- 
ing well-founded dissatisfaction ; for it does seem almost im- 
possible for a body of men, fresh from the close study of a 
number of different plans, to sit down and design one more, 
with the same general objects in view, without adopting into 
it most of those points which may have struck them as best 
in the several different drawings that have been intrusted 
to them. But at this stage the Boyal Commissioners were 
saved both from their angry critics, and from their own plans 
being carried out, by the sudden appearance of Sir Joseph 
Paxton's design, and its immediate adoption. 

The design that had been elaborated by the Commissioners 
themselves is given in the " Civil Engineer and Architects* 
Journal" for 1850, p. 209, with a map of the selected site. 

In seeking for tenders for the execution of their own plan, 
it was stated that they would be glad to receive any sugges- 
tions from intending contractors. In their own words, pro- 
posals for " methods of construction other than those shown 
upon the drawings would be entertained," if made in a bond 
fidetorvciy which having through Messrs. Fox, Henderson, and 
Co., been shown to Mr. (now Sir Joseph) Paxton, he very 
shortly produced the design, founded on the model of that 
which he had already erected at the great Conservatory at 
Chatsworth; which was at ohce accepted, and, with some 
alterations, finally carried out. 

172. This Exhibition building may be truly said to have 
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inaugurated a system of iron architecture, and has no doubt had 
considerable influence in developing that extended application 
of iron which marks the progress of the constructive arts at 
the present day. 

The materials used in this design — to the exclusion of 
brick and stone — were iron, wood, and glass; and it is re- 
markable that no large pieces oi' either material were em- 
ployed. The heaviest pieces of cast iron were the girdera, 
none of which weighed more than a ton. The building may be 
described, generally, as consisting of a framework of columns, 
united by girders or trus;»es, and covered with glass. 

The form and ^ character of the ground having to a great 
extent dictated the outline of the proposed plan, we may 
therefore state that tiie site consisted of a portion of Hyde 
Park, in form nearly approaching a parallelogram, of which the 
sides are about as four to one, being 2300 ft. long by 500 ft, 
broad, measured on the central axes ; fronting north and south, 
and having its sides east and west, and with an almost uniform 
fall of one in 280 from west to east. As the building was 
only intended to be temporary, it was determined to preserve 
the trees, a lofty line of which stretched about half across the 
centre of its length; and two clumps of smaller trees stood 
near the northern boundary, on the east and west of the central 
groups. It will be found that the design was well adapted 
even to this extraordinary requirement, — the lofty transept 
arching over the higher trees, and the open courts preserving 
the younger clumps on the northern side. 

173. The general plan of the ground floor is shown in fig. 
48, Plate Vll., at a scale of 1 20 ft. to an inch. Its form will be 
seen at once to be that of a rectangle, in length over all 1850 
ft., and in breadth about 408 ft., on the north side of which 
an addition was formed, 936 ft. long, and 48 ft. wide, to give 
a further space for the machinery in motion, which dimensions 
were found to be most suitable to the boundary of the piece 
of ground described above, which was, though after great 
opposition in Parliament, obtained for it in Hyde Park. It 
will be perceived that a main central avenue, or nave, extends 
the whole length of the building, in width 72 fl.; and by a 
reference to fig. 49, which is a transverse section, looking 
west, through the vertical plane on the line A, B, in fig. 48, 
its height is shown to be 64 ft. This nave is intgrsected 
nearly at the middle of its length, and at right angles, by a 
transept, also 72 ft. Avide, but covered with a semicircular 
arched roof of ribs of timber springing at the level of the 
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horizontal girders spanning the nave, and giving this part of 
the structure an extreme height of 104 ft. 

On each side of the nave a double row of columns, 24 ft* 
apart, forming long narrow aisles, extends the whole length 
of the building, except at the crossing of the transept ; and 
outside these, on both sides, are the 48 ft. avenues, their height 
being 40 ft. ; again we have a double row of columns, 24 ft. 
apart; then another 48 fl. avenue, 22 ft. high; and, lastly, a 
third double line of columns, 24 ft. apart, the outer row of 
which forms the chief support of the external walls — if the 
word may be so applied — of the building on the ground floor. 
Whatever different distance apart these pillars are placed in 
the transverse lines of the building, fig. 49, whether 72 ft., 
or 48 ft , or 24 ft., they are all 24 ft. apart in the direction 
of the length, as is shown in the portion of the side elevation, 
fig- 5o> except only where the transept crosses; and even at 
that part the two outside lines on each exterior face are abso* 
lutely continuous for the whole 1850 ft. The girders in this 
direction are all, therefore, 24 ft. span, and are formed of cast 
iron, with the exception of the outside lines in the one-story 
part of the building, which are of wood. 

The analogy of these general arrangements to the prevail- 
ing ibrm of the cathedral structures of the middle ages was 
so strong, that the names of nave, transept, and aisle were 
universally and at once applied to the analogous parts of the 
exhibition building. A light iron railing enclosed the building 
on all sides, at a distance of 8 ft. from its exterior, and out- 
side that a broad gravel walk was placed. 

174. The six pairs of dotted diagonal lines in fig. 48, across 
the width of the main central nave, and lettered E, E, &c^ 
show the position of the horizontal bracing attached to and 
placed immediately under the 72 ft. wrought iron girders, 
which span that opening at a level of about 61 ft. from the 
floor. These bracing rods of wrought iron were the diagonals 
of squares of 72 ft. in the side. Other horizontal bracing 
was fixed in the squares of 24 ft. in the side, and is shown 
by dotted lines at F, F, &c., being introduced at each end of 
the nave and transept. The places at which vertical diagonal 
bracing was introduced are shown in fig. 48 by letters a, a, &c., 
and in fig. 49 by dotted diagonal lines, lettered also a, a, &c. 
This bracing was in vertical planes, both parallel and at right 
angles to the central axis of the building. Those only at right 
angles to the centre line are capable of being shown by the 
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dotted. diagonal lines in the ti^ansverse section, &g. 49; those 
across the 48 ft. avenues are placed at the transverse galleries , 
or at the several pairs of stairs. 

It will be perceived that the main horizontal diagonals, 
E, £, and also the vertical bracing at the transverse galleries 
and stairs, were introduced on the same transverse lines of the~ 
building, thus constituting these parts as buttresi^es, securely 
stiffened, aiding in upholding the remaining portions of the 
structure against any deformation to which it might be liable 
from the prevailing rectangular form. 

175. In fig. 49 IS given a cross section on the line A, B, fig. 
48, at a scale of 30 ft. to an inch. It exhibits one of the great 
transverse frames of the building, which are placed parallel to 
each other, and at successive distances of 24 fb.9 measured on 
the longitudinal axis. These frames consist of 1 2 vertical 
lines of pillars, and 1 7 horizontal girders, arranged symme- 
trically on each side of the central line. The pillars are 
placed in pairs, 24 ft. apart, the pair immediately on each side 
of the central line being at a clear distance of 72 ft., which is 
the width of the nave, and all the others at distances of 48 fl.» 
so that it has been likened to the arrangement of a timber 
bridge consisting of a stack of piles, acting as a pier, on which 
the horizontal beams are laid. 

Each of the four central pillars, — the total number of the 
same height in the nave being 316, — consists of seven separate 
castings, bolted together, as shown also in Plate VI., fig. 41, 
namely, a base piece resting on a mass of concrete, a pillar shaflb 
of the ground tier, a connecting piece on the level of the gir- 
ders under the galleries, a pillar shaft of the second tier, a 
second connecting piece, a pillar shaft of the third tier, and, 
lastly, a third connecting piece on the level of the roof trusses. 
The next two pair of pillars on each side of the central axis 
consist of five separate castings ; and the ten outside pairs of 
only three, namely, the first five, and first three enumerated 
above, when speaking of the central and highest pillars. 

The height of the base pieces varies with the transverse 
slope of the ground surface ; the height of the lower tier of 
shafts of pillars is 18 ft. 8 inches; the connecting pieces in 
every part are the same height, namely, 3 ft. 3^inches ; and the 
second and third tiers of pillars are each 16 ft. 7^ inches high. 

In fig. 49, we also see at once the relative vertical height 
of the several tiers of the structure, and their decreased breadth 
in each successive story ; the. nave — again resembling in this 
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the cathedral type-^being the highest. The arrangement in 
pah's of columns, 24 ft. apart, is even moi'e distinct in the 
transverse section than in the plan, fig. 48. 

The first columns on either side of the central line have 
evidently to support a greater load than any of the others 
in the same transverse plane, — this load, beginning at the 
roof downwards,, being made up of the half of the 72 ft* gir-^ 
der and roof on it, half the 24 ft. girder, and half of its roofi 
next the half 24 ft. girder on the level of the roof of the second 
tier or story, and, finally, half the gallery, with the goods ex-* 
hibited, the visitors, and the supporting girders. All these 
transverse widths being multiplied by 24 ft., that is, for 12 ft, 
on each side of the transverse plane, in the longitudinal direc<f 
tion, give the area to be supported by each column, and such 
would be the load in a perfect structure ; but unavoidable 
irregularities may throw a much larger proportion on some one 
column, relieving others to the same extent. What the addi-r 
tional load thus produced may be, no possible rmle can decide ; 
at a maximum, it may be considered as about double, and 
must be provided for by the column having a strength five or 
six times greater than its utmost computed load. 

The load on the successive columns, proceeding from the 
centre on each side^ may be calculated in the same manner. 
All parts of the column were duly proportioned to these loads ; 
the thickness of the metal in the shafts and connecting pieces 
increased in each successive tier as we descend ; and, on the 
level of the same story, the strength or thickness of metal in- 
creased in each pair from the outside pair to those bounding 
the nave, on either side. 

The area of the base plates, and of the supporting con- 
crete, increased also from the outside, commencing at an area 
of 2 square feet, or 2 feet by one, up to 6 square feet, or 3 ft, 
by 2. The heaviest loaded pillars were evidently those which 
supported the semicircular wagon-headed roof of the transept ; 
and the severest load on these was evidently at the angles of 
intersection of the nave and transept, lettered H, H, &c.; and 
at this point the thickness of metal in the column was i^ inch, 
and a duplicate arrangement of twin columns was adopted, as 
shown by the two dots on the plan, fig. 48 ; special castings 
united these at the level of the several connecting pieces. 
The load upon the pillars on the level of the ground, at this 
point of intersection, was constituted not only of the half gal- 
leries and 24 ft. columns, together with the visitors, as a mov- 
ing load; but also of half the roof of the transept, and one- 
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fourth of the weight of that portion of this semicircular roof 
which covered the square of 72 feet formed by the intersection 
of these two main avenues. A pair of the strongest wrought 
iron girders being placed across the nave at this point on each 
side of the transept) which between them carried the weight 
of the semicircular roof for 72 ft. -of its length ; by this means 
there was an unbroken length of arch for the whole 408 ft. of 
the transept. 

The dotted lines, m, m, on the general plan, fig. 48, show 
the rectangular spaces, which throw their weight, respectively, 
upon the double columns at the angle and upon the contiguous 
pillars, the former being a square of 48 ft.9 and the latter 
rectangles 24 ft. by 48. 

The flooring, it will be seen, fig. 49, was carried on the 
level transversely ; and the ground surface having a fall to the 
south, advantage was taken of this to give the building on that 
side the appearance of a raised foundation, which was faced 
with green sod. The external beauty of the principal fa9ade 
was thus greatly increased. 

176. The arrangement of all the principal dimensions in 
multiples and submultiples of one primary length namely, 
24 ft., is deserving of remark. It not only facilitated and econo- 
mized all the operations of construction by the frequent repeti- 
tion of thesame partSjbutalso added to the beautyandsymmetry 
of the structure when finished, long vistas being seen between 
the columns in the diagonal directions, as well as in the longi- 
tudinal and transverse views. The mistakes, and consequent 
delay, attending the adoption of irregular dimensions, were 
thus avoided ; the lines of the building were rendered agreea- 
ble ; and nearly uniform areas of roofing could be conveniently 
arranged for drainage through the hollow columns ; and, to use 
a workman's phrase, " the work would run ofiTallthe better for 
it." The width of the transept and main aisle was 72 ft., that 
is, 3 X 24 ; that of the side aisles 48 ft., = 2 x 24. The total 
length amounted to 1 848 ft., that is, 77 x 24 ; and the breadth, 
408 ft., which is 17 X 24 ; all these distances being from centre 
to centre of columns ; and so of many other dimensions, some 
being multiples, and others submultiples of the number 24. 
The choice of this number originated from its being found that 
sheet glass suitable for the roof could be procured 10 inches 
wide, and 49 inches long, weighing 16 oz. per square foot 
(which gives a thickness of about y\yth of an inch), but that 
any greater length than this would be much more expensive, 
from the increased difficulty of manufacture. Glass of this 
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length placed on a slope of 2^ horizontal to i vertical was 
found suitable for a ridge and valley roof in which the pitch, 
or distance from centre to centre of gutters, is 8 fl. Three 
times this distance, or 24 ft., as the interval of the centres of 
the columns, was considered to give a convenient length for 
the cast iron girders, namely, 23 ft. 3I inches, — that is, the 
external diameter of the columns being 8 inches, and ^th of an 
inch being allowed over at each end of the girder. Some such 
practical consideration in the details is often found to regulate 
eventually the dimensions of even the largest works. 

When this structure we are describing was re-erected at 
Sydenham, the same unit was adopted in its dimensions, the 
length being 1668 ft., the breadth 384 ft. with wings on each 
side, 576 ft. long. Three transepts intersect the length, the 
central being 1 20 ft. wide, and the other two 72 ft.; all which 
numbers are multiples of 24. 

177. It is difficult to imagine any other design which could 
have fulfilled all the conditions required in this building. Its 
vastness may be inferred from the simple statement that on 
completion it covered a roofed-in ground area of 18 acres, 
and contained a volume of about 33,000,000 cubic ft., while 
the total surface of the ground floor and galleries, added to- 
gether, amounted to very nearly 1,000,000 square ft. It was, 
moreover, imperative that the building should be erected 
within a period often months, the Commissioners having made 
engagements to open the Exhibition on the ist of May, 1851, 
and the contractors not being in possession of the ground 
until the 30th of July, 1850, could not therefore commence 
the works previous to that date. The unusual stipulation — 
which must influence the design to be adopted — was also add- 
ed to the contract, that the whole structure should be removed 
within seven months after the close of the Exhibition. 

The total ultimate cost was £200,000, being about £25 per 
100 square feet of ground floor, equivalent to 5*. per square 
foot, or i^rf. per cubic foot of the whole volume of the build- 
ing. About 4000 tons of cast iron were used, and 400 tons of 
glass, together with 1 200 loads, i, e, tons of timber. The num- 
ber of pillars was 3300; of cast iron girders, 2150; and of 
wrought iron roof trusses or girders, 372. The actual period 
in which the works were completed was about 190 working 
days. The greatest number of men employed at the building 
at one time was 2000, and, including those in establishments 
supplying materials, would probably reach 5000. Returning 
now to our proper object, that is, the details of the pillars : 

2 A 
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177. The base-piece, already mentioned, § 166, is shown 
in fig. 41, a, at a scale of 2 inches to a foot; and in fig. 41, 
at ^ in. to a foot. 

It consists of a short pillar, B, identical in section with that 
of the shaft of the column which it supports above, and of 
varied height according to the form of the ground underneath 
the floor line. It spreads out at the bottom into a flat plate, 
which increases in area from 2 ft. long by i ft. wide on the out- 
side longitudinal row, up to 3 ft. long, and 2 ft. wide, on the 
inner rows, according to the difierent weights they had to 
sustain. 

The connexion between the vertical part and the horizon- 
tal plate is strengthened by gussets, or shoulders, shown at C, 
only two, in the direction of the length, being used in the 
smaller sizes, two additional ones being applied across the 
breadth in those of larger area. In the base pieces placed 
under such of the columns as were designed to carry down the 
rain water from the roof, that is, the inner row of each tier, 
marked R, in fig. 49, horizontal outlet pipes, D, D, were cast, 
7 inches outside diameter, having \ inch thickness at the 
column, and f ths at the end : these conveyed the rain into drain 
pipes, and ultimately into brick culverts, leading to the Ken- 
sington sewer. The outlet pipe was supported underneath by 
a vertical rib between it and the lower plate, shown at E, fig. 
41a, and in plan by dotted lines. 

It will be perceived from the drawings that the thickness of 
the horizontal plate, the duty of which is to disperse the pres- 
sure of the pillar over the surface of the concrete, diminishes 
towards the edge on each side by planes sloping downwards 
from the centre. The diagonal lines on the plan represent the 
horizontal projections of the intersections of these inclined 
surfaces on the top of the plate. This arrangement shows a 
judicious distribution of the metal. If the plate had been a 
uniform thin sheet containing the same amount of cast iron, 
it is more than probable that it would have bent downwards 
immediately under the pillar where the insistent weight is ap- 
plied. Setting aside the danger of fracture to the plate from 
this deflection, it is evident that the pressures on the sur- 
face of the concrete would not be uniform, and thus one 
great object of a base plate be defeated, neither would the 
pressures be vertical in direction, except immediately under 
the pillar ; but, being perpendicular to the curved surface of 
the plate, would have a tendency to split the mass of concrete, 
and force it outwards. 
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178. The bottom plate of the base piece, described above, 
is set upon a mass of concrete projecting about six inches on all 
sides, and having on its upper bed a thin layer of fine mortar. 
This concrete rested below on a stratum of gravel which ex- 
tended under the whole building, the depth to which it was 
carried varying from one to four feet ; but in some few places, 
where the ground was bad, a much greater depth was employed. 
This material, which is formed of lime and gravel in propor- 
tions varying from one of the former to between six and ten of 
the latter, may be considered to have a twofold object, first, 
that of extending the superficial area of the base, and so di- 
minishing the unit pressure on the ground arising from the 
weight of the structure it supports ; and, secondly, of supply- 
ing an economical means by which to reach a sufficiently firm 
foundation on the natural ground, from the upper level of the 
intended base ; being also laid in its place in a loose disinte- 
grated state, it takes, when set hard, the exact form of the 
surface^ of the ground, and becomes, in fact, a monolithic mass, 
well suited for its requirements in every respect. 

The area of the lower bed of the concrete was determined, 
as that of the base plate, by the estimated weight of the super- 
structure at that part ; and it was so proportioned that, allow- 
ing for every possible contingency, under no circumstances 
should a pressure greater than 2^ tons per foot, superficial, be 
brought to bear upon the gravel. The length of the plate 
was always placed m the direction of the width of the build- 
ing, that is, in its least dimension, with a view to obtain greater 
lateral stability in the structure. 

It will be observed that no screw-bolts for holding down 
the base plates were employed ; but in this, which must have 
greatly expedited the rate of progress in the construction, a 
sound judgment was used ; the transverse section of the build- 
ings fig- 49j pointing out the great comparative base of the 
whole structure in relation to its extreme height, which was 
about six to one, will serve to demonstrate its perfect security 
from all danger of being overturned or uprooted, as a whole, 
by any lateral force. On the other hand, this building cannot 
be strictly included in the second case of pillar-supported 
structures {vide § 169) ; for the outer walls were formed of lines 
of columns, to which alone were attached the boarding and 
windows enclosing it on all sides ; and therefore the pressure 
of the wind was chiefly resisted by the transverse strength of 
the outer and ground tiers of pillars, and by the stability of 
the base pieces. 
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179. The upper part of the base piece was constructed 
with a horizontal flange, and four lugs having holes, through 
which were passed the screw bolts whereby the pillar was 
firmly held in position ; the form of this flange is shown in 
fig. 41, j^ which also gives the precisely similar form of the 
bottom of the shaft of the pillar ; and both being turned or 
faced in the lathe, no fitting was therefore required in the 
erection of the pillars, which on being severally placed upon 
the top of the base plates, the four bolts passed down, and the 
nuts screwed up, the operation was completed. 

The method of uniting these two parts of the columns, 
just described, was followed in every part of the building, 
except in the outer line of pillars in the one-storied portions, 
that is, in the north and south elevations on the ground floor; 
and here the pillar and base plate were united by a socket 
joint, shown in fig. 41, t, the inside surface of the pillar being 
turned m the lathe of a slightly conical form, and the upper 
and outer part of the base piece being also turned to the same 
angle of cone, so that, when the latter was bedded truly on 
the concrete, the pillar was simply dropped upon it, and the 
joint formed in a very rapid and economical manner, com- 
pared with the four screw bolts used in other places, and ad- 
missible in this row of pillars, as they had to bear so small a 
load, which was only the half of the roof and roof girders of one 
square of 24 feet. The external fillet cast upon the foot of the 
pillar outside the socket was also better adapted to carry on 
the lines of the timber work, filling in the space between these 
external columns, than the flange with four lugs and screw 
bolts used elsewhere on the ground floor — ^but always con- 
cealed by the ornamental light cast iron plinth affixed — would 
have been. 

The common surface of the flanges, in which the foot of 
the pillar and the top of the base piece bore on each other, 
was placed 3 finches, in the clear, above the floor line; the 
screw bolts were thus accessible, and the timber work of 
sleepers, joists, and planking, did not require that trouble- 
some. fitting and scribing to the pillars which would have been 
necessary if it had been placed at that level. 

The base plate was the only part of any column from the 
ground to the roof, which varied in height in different places 
on the level of the same story. An inspection of the trans- 
verse section, fig. 49, will show the reason of this : the ground 
having a uniform fall from the south to the north, and the 
line of the floor being horizontal in the transverse section, it 
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follows that the vertical distance between these two lines must 
be increasing at every line of pillars. As the floor line, in the 
longitudinal direction, was carried nearly parallel to the ground 
line, which had a uniform fall of i in 280 from west to east, 
the height of each longitudinal row of base plates was the 
same, so that no mistake or confusion in the casting or erect- 
ing was likely to occur, with ordinary care. The total num- 
ber of these base pieces was about 1060, corresponding with 
that of the pillars in the lower story. The average area of 
the base plates being about 4 square feet, the building therefore 
rested upon about 4240 square feet of foundation surface. 

180. The shaft of the pillar has been fully described in 
§ 166, 167, with woodcuts showing the horizontal sections. 
The four flat faces of the fillets were placed parallel to the 
main axes of the building, the lugs for the connecting screw 
bolts being on the diameters making 45° with the same lines. 
The pillars are shown in fig. 41 in full elevation at a scale of 
4 feet to one inch, in a three-storied part, parallel to the longi- 
tudinal vertical plane, being the columns lettered Z, Z, on 
each side of the transept, where from the letters a, a, we see 
that diagonal bracing was used. All the shafts of the ground 
tier of pillars were of the same height, namely, 1 8 feet 8 inches. 
Their external form was suggested by the late Sir Charles 
Barry, and was well adapted for its purpose, mechanically as 
well as artistically ; for while it presents a pleasing variation 
from the ordinary circular form, the different flat bands upon 
it afford surfaces well suited for the connexion and attachment 
of the necessary girders, (&c. 

The form of the shaft above described has been adopted 
by M. Alexis Barrault, in the permanent exhibition build- 
ing in Paris, named Palais de Tlndustrie. The following are 
the words of high commendation in which, after his descrip- 
tion of the column, he speaks of its external elevation : — 
^^ Cette forme, que nous avons empruntee au Palais de Cristal 
de Londres, convient sous tons les rapports aux constructions 
en metal : elle est elegante, tout en etant facile a executer, et 
se prete tres-bien a toute espece d' assemblages." 

It very rarely occurs that any subject of an artistic cha- 
racter originating in England has been imitated in Paris as we 
find this has been. 

181. Diagonal bracing, in vertical planes, is introduced at 
intervals between the columns, for the purpose of adding to 
the stiffness of the structure. In fig. 41 is shown. apart 
elevation of the vertical diagonal bracing in three tiers of 
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columns near the transept, and immediately underneath the 
plan, or horizontal projection, of the same. It consists of 
four pair of round iron rods, one inch in diameter, in each 
rectangular space ; these are shown, in elevation at the letters, 
N, N, &c., in the several drawings, and in plan in fig. 51. 
Each rod is cranked, and forged with an eye at one end, by 
which it is attached to the pmar, and is screwed at the other 
to receive a nut. The bolts D, D, figs, 41, a, and fig. 46, 
which fasten the columns to their connecting pieces, are 
lengthened so as to pass through these eyes, and thus secure 
the rods, N, N. The screwed ends of the rods enter a circu- 
lar cast iron adjustment-plate or hook, M, fig. 41, where they 
are secured by nuts. Fig. 41 shows the connexion with the 
adjustment plate drawn to a larger scale. In order to adapt 
the bolts D, D, imiting the pillars and connecting piece, for 
the additional duty thus required of them, they are lengthened, 
and made to pass through four wrought iron clips, if inch 
wide, by ^ inch thick, which embrace the pillars on all sides. 
Fig. 43 shows, at a larger scale, a side view, and fig. 44, a 
plan of the clips in their proper positions relatively to each 
other, and a single clip separate from the others is also drawn 
in fig. 45. The horizontal section of the pillar embraced by 
the clips is also shown in fig. 44. 

The diagonal bracing of the columns on the ground floor 
is the same as that of the upper ones, with the exception of 
the attachment at the lower part: in this case the bolts are 
still further prolonged to support the clips, of which there are 
eight of 1 1 inch wide by f th inch thick, forming a double ring 
round the column. The lower ends of the diagonals are thus 
about 2 feet 6 inches above the floor line. When all these 
parts have been duly fitted, the requisite strain is brought 
equally on the several diagonal rods by tightening the nuts 
within the adjustment plate upon the screwed ends of the rods. 
The inner surface of the ring, it will be perceived in the draw- 
ing, has a flattened portion for the nut to work upon. Finally, 
two light cast iron ornamental caps are placed over the sides 
of the adjustment plate, and these are connected together, 
and also fixed to the plate, by screwing one of the caps on a 
wrought iron pin, previously screwed into the centre of the 
other cap. In order to reduce the width of the ring or adjust- 
ment plate, the diagonal tie bars were slightly convergent from 
the clips to the point of intersection at the nuts, as shown by 
dotted lines in the plan, fig. 44, and in the plan underneath, 
fig. 41. 
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The rectangular spaces formed by the pillars and girders 
were thus divided into several triangles with fixed sides of un- 
alterable length, and the permanence of the figure thereby 
secured, the triangle being the only geometrical figure whose 
angles are determined when the sides are given, and whose 
form is therefore inviolable, — this being the same principle 
of construction which gives the required stiflFness to scafibld- 
ing, centring, timber ships, gates, and framing of every kind, 
whether for temporary or permanent use. 

The vertical diagonsd bracing, as already mentioned, was 
introduced at the intersection of the nave and transept, and at 
six equidistant transverse planes, for a width of two bays of 
24 feet in the lateral or 48 feet aisles, and is shown in fig. 48. 

The horizontal diagonal bracing, which was also used, was 
introduced, as already mentioned, under the roof girders in 
the squares of 24 feet along the ends of the nave and tran- 
sept, and at six places under the roof of the nave, in squares 
whose side was 72 feet, — the diagonals intersecting in the 
same planes in which the vertical bracing was situated. These 
are shown in the plan, fig. 49, by dotted lines. 

182. The connecting piece, which, as its name implies, 
unites not only the pillars of the several stories to each other 
in the vertical line, but also supports and joins into a compact 
framework the horizontal girders in every direction, is repre- 
sented at different scales; in fig. 41, &» with the pillars and 
girders attached, at one inch to a foot, and in fig. 46, at 2 inches 
to a foot ; in fig. 47 a seetional plan is shown, taken through 
the line w^ z^ on the elevation above, all the parts of the at- 
tached girders shown in fig. 46 being omitted in fig. 47. 
This part consists of a short pillar — identical in horizontal 
section with those of the columns which it connects — and an 
upper and lower flange, T, T. In each of these flanges are 
four bolt holes answering to those in the lugs at each end of 
the pillars. The ends of the connecting piece being turned or 
faced in the lathe, in the same manner as those of the pillars, 
formed with them a perfect joint when laid in place, being 
fastened together by screw bolts dropped through the holes 
when brought into the proper vertical line. The dotted lines 
on the sectional plan, fig. 47, represent the lugs on the top of 
the supporting pillar beneath. 

The flanges, at each end of the connecting piece, also 
carry four projections, or snugs, Gr, G, figs. 46 and 47, serving, 
below, as brackets to support the girders ; and by the hooked 
form of the several ends acting, both above and below, as 
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clips to retain them in place, and obviate any tendency to 
move in the direction of their length. In order to hold them 
secarely in the transverse direction there is a groove left in 
the casting of the hooked clips, | inch' wide, and ^ inch deep, 
shown at the letter P. In order to render this groove effec- 
tual for the purpose, there is cast upon each end of the bottom 
of the lower flange of the girders a tenon-like projection, un- 
der the letter F, fig. 46, which fits into the groove left in the 
lower hooked clip ; and on each end of the upper surface of 
the top flange there is left a sunken-groove, H, correspond- 
ing with that in the uppermost hooked clip. When the girder 
is laid in its place, a wrought iron key of suflicient depth to 
fill both the grooves is driven in firmly ; the same operation 
being performed at each end, it is evident that the vertical 
position of the beam is secured agidnst any transverse force 
tending to lateral displacement. In order, however, to tie 
them firmly to the column? in the longitudinal direction also, 
a key — perpendicular to the plane of the girder — and shown 
at the letters K, K, fig. 46, and also in fig. 41, 6, is driven, at 
the top and the bottom, in the space between the inner face 
of the hooked clips and the corresponding face of the projec- 
tions on the end of the girder ; the same arrangement being 
adopted at each end attachment. The keys used for fixing 
the girders which lie transversely in the building are all of 
wrought iron, and similar keys are used with those which lie 
longitudinally, for distances of 200 feet from each end of the 
building, and for 200 feet on each side at the intersection of 
the transept. In the two intermediate portions, each of the 
length of about 500 feet, keys of oak are employed, so as to 
allow a small degree of elasticity, and admit of the expansion 
and contraction of the metal. 

183. The connecting piece was modified according as it 
had to unite two, three, or four ^rders, and also for external 
columns, &c., that which has been engraved being intended 
for the junction of four girders. It will be evident that each 
connecting piece must be attached to the pillars below it pre- 
vious to the operation of placing the girders in their respec- 
tive positions around them, and therefore such a mode of 
fastening the girders to the connecting pieces must be adopted 
as will admit of their being passed laterally into position at 
each end, when lifted to the proper level; the method just 
described plainly fulfils the several conditions of the case. 

The girders of cast and wrought iron which were used in 
this structure will be introduced as examples of beams in 
Part II. of this work. 
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In the one-storied portions of the ground tier these con- 
necting pieces merely support and unite the roof girders; but 
in all the other places a second pillar shaft, i6 ft. 8 inches high, 
and having flanges identical as to lugs and bolt holes with 
the connecting pieces, is placed and bolted down. On the 
upper flange of each of this second tier of pillars another tier 
or stratum of connecting pieces is fastened by screw bolts and 
nuts, which in the two-story portion unite, and sustain the 
roof girders; and in that of three stories, besides performing 
the same duty to the stifiening girders (which bear neither 
gallery nor roof), they have the third vertical tier of pillars 
bolted down on their upper flanges, exactly as the tier below 
was on its connecting piece. These pillars were the same 
length, namely, i6 ft. 8 in., as those immediately below them. 
Finally, the third stratum of connecting pieces is bolted on 
the upper flange of the third.tier of pillars, and in this position 
serve to unite and support the roof trusses of the nave and 
its two side aisles. 

1 84. The whole seven diiferent pieces are shown united in 
fig. 41 . The column on the right-hand side represents the octa- 
gonal castings attached, which cover all the flanges and screw 
bolts in the interior of the building, namely, the plinth on 
the level of the ground floor ; the capital immediately below the 
bottom of the first girder, over the flanges at the bottom of 
the connecting piece : a similar capital is placed below the 
second and third tiers of girders, covering the lower flanges 
of their connecting pieces; also, above the first and second 
tiers of girders, the upper flanges of their connecting pieces 
are covered and ornamented by castings the same as the ca- 
pitals, but inverted, — the thickness of the metal in all of them 
being -^ths of an inch. 

The plinth, or base, shown in figs. 52, 53, 54, Plate VII., 
scale i^ inch to the foot, is in two castings, which join at the 
angles in such a manner that three sides of the octagon are in 
one casting, and five sides in the other ; they are united by two 
f th inch bolts and nuts, d c/, passing through internal flanges, a e, 
whose position is shownin the plan, fig* 5 39 and in the elevation 
of the joint, fig. 54. The flange e is set back J^th inch from 
the plane of the joint, and has a small projection or chipping 
piece at 6, which projects jV^^^ inch, so as to lie in the plane 
of the joint. The flanges will thus come to a firm bearing 
without danger of breaking when the screw bolt is brought up 
tight, and the external lines are rendered quite true. 

The band, or capital, which embraces the columns, is shown 

2 B 
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in elevation and plan, figs. 55, 56; it is cast in two equal parts, 
which are united by two small screws, d d, on each side, pass- 
ing through the castings, and entering a small strap of wrought 
iron, «, placed transversely to the joint in the interior of the 
casting. Notches are formed at the sides of the castings, 
where the girders pass through them. In those places, also, 
where diagonal tie rods are introduced, the castings were spe- 
cially notched to allow them to pass through. 

185. A question of great practical importance may here 
be asked, namely, would it not have been possible to have 
constructed the higher columns with a smaller number of 
pieces than seven ? As erected, we have six pair of joint sur- 
faces to turn in the lathe truly perpendicular to the central 
axis, and four screw bolts to provide for each pair. It was not 
that any inconvenience or difficulty in casting, or in the car- 
riage and fitting up, would have arisen from the greater 
weight of fewer pieces ; but it will be observed, in explana- 
tion of the plan adopted, that the only external alterations 
of the castings of a column required in the various different 
parts of the building were in the connecting pieces and base 
plates — the former, according as they had to unite two, three, 
or four girders ; and the latter, according to the depth of the 
ground below the floor line, the area of base required, and 
whether or not intended for the discharge of rain water. The 
alterations were thus confined to parts which were small, and 
easily handled, and by this convenience compensated for the 
greater number of parts. In some of the examples given 
further on, we shall find the several portions cast in one 
piece, though larger and heavier than these. 

The above descriptions have been chiefly taken from Mr. 
Digby Wyatt's paper on the *' Construction of the Building," 
&c., &c., printed in the " Minutes of Proceedings, Inst. Civ. 
Engineers," vol. x., Session 1850-51 ; and from the work of 
Messrs. Charles Downes, and Charles Cowper, published in 
quarto by John Weale, London, 1852. We may also refer 
the student to the introduction of the " Practical Mechanic's 
Journal — Record of the Great Exhibition of 1862," by Mr. 
R. Mallet, in which will be found an instructive account not 
only of the building of that year, but of all the great Palaces 
of Industry which preceded it, including this of 185 1. 

186. The well-designed warehouse, or goods store, form- 
ing part of the Midland Great Western of Ireland Railway 
Waterside Terminus, at the North Wall Quay, Dublin, 
affords an excellent example of good engineering in the gene- 
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ral design, and in the detail of the columns and girders of the 
interior of the building. 

It has at the present day become almost a necessity for 
every railway carrying goods or minerals, whether imported 
or destined for exportation, to make such arrangements as 
that the waggon and the ship can be brought so close to each 
other that a revolving crane may be able to transfer the load 
from the floor of the former to the hold of the vessel, without 
any intermediate carrying or cartage. For merchandise of a 
perishable character a warehouse at the river side, or the ter- 
minus, where such goods may be stored under cover from the 
weather, and into which the railway waggon, on central lines 
of railroad, and parcel carts, by suitable side openings, may 
enter, also under shelter, is no less urgently required. All 
these essentials were amply provided by the Company at this 
building. 

187. The transverse section and plan, Plate VIII., figs. 57 
and 58, show that four lines of railway enter the building; 
and that every waggon, wherever standing, may be loaded or 
unloaded by cranes, without that troublesome shifting of those 
contiguous to it which is necessary with other and inferior 
arrangements. 

It will be perceived that there are three classes of columns, 
marked with the letters A, B, and C. Those marked A sup- 
port each four girders at right angles to each other, and are 
not continued upwards, — sustaining, therefore, but the weight 
of a certain part of the flooring and the goods stored on it, 
computed at 200 tons. Those marked B support three gir- 
ders, attached to a connecting piece and an upper pillar. The 
columns lettered C sustain nearly half the weight of the roof, 
which is therefore transmitted downwards to the pillars, B. 

Column C was the smallest employed in the building, but 
the dimensions sufficient for its load would not have been 
equal to the additional duty of carrying the revolving crane. 
In all the columns the ultimate strength as pillars was more 
than four times the utmost load which could, under any cir- 
cumstances, come upon them. 

The drawing, fig. 59, shows an elevation of the column 
A, at a scale of half an inch to a foot, with the base plate at- 
tached ; and fig. 60, immediately below, shows a plan of the 
base plate at a scale of f ths of an inch to a foot. 

188. The natural foundation consisted of a bed of suffi- 
ciently compact and uniform gravel, on which, underneath 
the position of each pillar, was built a mass of calp limestone 
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masonry from eight to ten feet square on the bottom bed — 
the depth to which it was carried varying with the distance at 
which the firm gravel was reached through the overlying 
loose soil and made ground. A square cap of granite, about 
two feet in thickness, and three to four feet in the side, sur- 
mounts the pier of masonry; and its surface having been brought 
to the proper height, dressed, and levelled, placed in range, 
and the sides made parallel to the outer walls of the building, 
four holes were then drilled in each stone, on the lines of its 
diagonals, and two feet from centre to centre ; in these were 
leaded down four wrought iron vertical bolts, having screwed 
ends projecting above the stone suflSciently high to pass 
through the base piece, and afford room above it for the fas- 
tening nut. 

The base plate, shown in plan in fig. 6a, and in vertical 
section, with the column resting upon it, in fig. 6i, was not 
planed on either the top or bottom bed, but merely cast with 
great care, to insure parallel and true surfaces. It consisted 
of a square piece of metal, 2 ft. 6 in. on the side, and 2 inches 
thick) bevelled off on the upper surface for a breadth of 5 in. 
on every side, so as to be one inch thick on the outer edges ; 
four bolt holes, a a, 2 inches in diameter, and 2 ft. apart 
centres (coinciding therefore with the screw bolts let into 
the granite cap, already described), are placed at the angles 
of the base plate on the line of intersection of the planes of 
the bevelled surfaces mentioned above ; each bolt hole is sur- 
rounded with a rib f th in. thick, and ^th in. high, upon which, 
as upon a washer, the nut rests when screwed home : by this 
connexion with the masonry the base plate is both held down, 
and secured from any lateral shifting. The 5 inches of be- 
velled surface on each side leave a square of i ft* 8 in. on the 
upper surface of the base plate, in the angles of which are 
cast four other bolt holes, lettered 6, if inches in diameter, 
and I ft. 4 inches centres, to receive the dowel pins, which, 
projecting above the base plate, pass up through correspond- 
ing holes, also lettered ft, in fig. 62, left in the square flange, 
which, it will be perceived, is cast in one with the shaft of the 
pillar ; these dowels are run with cement, and thus secure the 
pillar from shifting laterally on the base plate below when 
once truly placed on it. A rib, ^ inch in thickness, and ^ inch 
high, shown in plan at c c^ fig. 60, and in vertical section, 
fig. 61, forming a square, 8 inches in the side, rises above 
the U|)per surface of the base ])late, with the edges of which 
it is parallel, and from which it is 8 inches distant on every 
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side. The base plate, being dropped over the screwed ends 
of the projecting bolts, is very truly bedded in Portland ce- 
ment or fine mortar on the upper bed of the granite stone ; and 
being carefully levelled, the nuts are then tightened home on 
the screw bolts and raised ribs, cement being filled into any 
spaces which may be found between the bolts and the holes 
in the base plate. 

189. The total height of the shaft of the pillars, A, A, is 
19ft. 9^ inches: its external diameter at the bottom is 
1 ft. 6 inches, and at the top i ft. 4 inches, giving a taper of 
about I in 234. The thickness of the metal is cast at i|-inch 
throughout all parts of its height. 

On each end of the pillar square flanges, shown at e e^ 
are formed and cast in one piece with the -hollow shaft, that 
at the bottom being i ft. 8 inches in the side (the same as the 
upper flat surface of the baseplate, as already mentioned), and 
if inch thick, that at the top having i ft. 9 inches in the side 
(to receive the bottom flanges ofthe beams it supports), and is 
i^ inch thick; by this square form ofthe ends of the pillar, 
space is obtained at the angles (between that external figure 
and the inner circular form ofthe pillar) for the holes through 
which the several dowel pins, screw bolts, &c., pass. 

In order to extend the bearing surface of the columns 
still further, there was applied, both at the top and bottom, 
a circular filling piece, fitted in, and secured in its place by 
cast iron cement, previous to the column being reared into its 
position. This piece is shown in its position, as fitted in the 
column, in figs. 61, 62, 63, and 66^ and also, separately, fig. 
66a> Its depth was 4 inches, the thickness ofthe circular plate 
being f ths in. in that placed at the top, and fths in. in that at 
the bottom of the pillar, and strengthened by ribs crossing at 
right angles through the centre, every dimension being figured 
on the drawings. With the view of retaining these circular 
plates in position, and enabling the shafl of the pillar the 
better to receive the load placed upon it above, and again 
to transmit it to the base plate below, there are cast on the 
inner surface of the column fillets, or rings, which act as shelf 
pieces, the lowermost projecting i inch, and being if inch 
deep, the upper projecting | inch and i;^ inch deep. This 
excellent arrangement increases the bearing of the pillar 
on the base plate by nearly 180 square inches, or about 80 
per cent. ; the area of the cap at the top of the pillar for 
receiving the girders being augmented in like proportion. 

These two plates were fitted in and secured to the column 
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by cast iron cement before it was raised into position, an an- 
nular space of fths of an inch being left for caulking the 
cement on the lower plate, and Jth of an inch on the upper. 

This novel mode of construction not only enlarged the 
bearing area, as already described, but enabled the con- 
structors to dispense with all turning and facing of the sur- 
faces of contact between the shaft and the filling piece, which, 
with pillars of such weight and dimensions, would have been 
an expensive process. The several pillars, with their circular 
filling pieces, above and below, duly secured, were raised into 
position, the four holes in the lower flange being brought im- 
mediately over those inner four cast in the base piece, as 
already described ; they were then set truly vertical by tem- 
porary iron wedges driven in until an interval of about ^ inch 
was obtained between the two surfaces ; this space was then 
caulked in with cast iron cement, forming what is called a rust 
joint — the dowel pins, formed of round iron bar, being dropped 
into the holes, and cemented up with sulphur and fine sand. 
The utility of that inner square raised rib, shown in figs. 60 
and 61, and already described, will now be apparent, as it 
aflfbrded a firm point of resistance to the caulking tool when 
forcing in the iron cement, which would otherwise be driven 
out on the opposite side, an abutment of some sort being 
always required in this operation. As the work proceeds, the 
temporary wedges are withdrawn, and the cement trimmed 
off in line with the square flange of the pillar. 

This valuable material, which consists of less than one 
per cent, of sal ammoniac — the exact percentage would seem 
to be unimportant, and is very variously stated — mixed with 
finely comminuted turnings or borings of cast iron, and 
sufficient water — has long been in use in fitting up the diflfe- 
rent parts of bed plates, and other heavy castings; but it is 
believed to have been first applied in this structure to the 
erecting of pillars ; it evidently acts in the same manner as a 
bed of mortar between two ashlar stones, which, however 
truly dressed, would, if laid dry, have but comparatively few 
points of contact ; the iron cement, in the same manner, in 
separating the two surfaces, adheres firmly to them both, 
taking also a perfect seal or impression of the minute irregu- 
larities: of each, and by its gradual hardening is thus enabled 
to receive and transmit the pressure uniformly over all the 
points of the surfaces, whether recessed or raised. We have, 
in the beginning of this work, seen the advantage which Mr. 
E. Hodgkinson obtained by applying thin sheet lead in spe- 
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cimens under compression (p. 69), and doubtless the advan- 
tage derived in any materials from interposed beds of cement 
may be explained in the same manner. 

190. The plan of the top flange of the pillar, with the 
circular filling piece fitted in, is shown in fig. 66y and also the 
position of the eight bolt holes, l^ inch diameter, for the screw 
bolts that hold down and secure, laterally and longitudinally, 
the four conterminous girders which meet over pillar A, each 
girder having two screw bolts through its bottom flange. In 
fig. 65 is also shown a plan of the top, and a horizontal section 
of the four beams through the line F, G, on fig. 63, with the 
screw bolts holding them down to the pillar. Had the wrought 
iron girders been placed directly upon the top of the pillar, 
the contact would only have been at a few points of bearing, 
namely, at the several rivet heads, which could not well have 
been countersunk so as to give a uniform flat surface. The 
same cement used at the fitting up of the base of the column 
was applied here also with great advantage. It will be ob- 
served that the girders are of different strength, and slightly 
different depth, having been designed according to their va- 
rious computed loads, the strongest having at the pillar fth 
inch and ^ inch plates riveted together for the bottom flange. 
The lowermost of these plates, in the deepest and strongest 
girder, is carried full across the cap of the pillar underneath 
the bottom of all the other beams, as seen in figs. 63 and 
64. When laid in position, this beam was supported by tempo- 
rary iron wedges at an interval of ^ inch above the pillar ; and 
then a packing piece of cast iron, 3 inches wide, if inch thick, 
and I ft. 9 inches long, having two bolt holes corresponding 
with those in the lower flange of the beam and cap of the 
pillar, was placed on each side; tjie next operation was to 
join together and rivet up the three other girders, and screw 
down their lower flanges to the pillar; finally, a caulking of 
iron cement is driven in, which, taking the exact form of the 
bottom plate of the lower flange of the larger beam with its 
rivet heads, and also that of the surface of the top of the pil- 
lar, gave, when it had set, as full and perfect a bearing of the 
beam upon the pillar as could be obtained if the two surfaces 
had been planed and fitted. The cast iron filling pieces, it 
is evident, act not only to retain the cement during the caulk- 
ing, but also give a fuller bearing to the two girders which 
are placed immediately over them. 

Those pillars which carry a second range vertically above 
them, as B, B, &c., have a connecting piece cast upon them. 
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With four vertical faces ranging with four main walls of the 
building ; openings for horizontal bolts are left in them when 
casting, corresponding to each other on the opposite faces. 
The vertical ends of the wrought iron girders meeting in line 
at a pillar are, through these bolt holes, fastened to one ano- 
ther and to the column, by suitable screw bolts. 

191. Proceeding now to the examination of the remaining 
columns, lettered B and C, which are placed vertically over 
each other, the base of C resting upon the upper flange of B, 
it is evident, on inspection of the transverse section, fig. 57, 
that these combined columns perform the duty of supporting a 
great part of the weight of the roof, together with some part 
of that of the gallery floor and the goods stored upon it ; they 
also serve to discharge the larger portion of the rain-fall from 
the roof through the continuous interior hollow pipe which 
they supply. The column C is also provided, as was that let- 
tered A, with turned external flanges for a revolving crane, 
the fall of which drops vertically over the centre of any wag- 
gon standing on the line of rails immediately below, as shown 
in fig. 57. 

The columns B — constructed, as to their base pieces 
and mode of fixing, in a manner precisely similar to that 
already described for column A, and so far needing no further 
mention here — are shown in general elevation, at a scale of 
^ inch to a foot, in fig. 67 ; and as to the detail of the upper 
part, in figs. 68 to 73, at fths of an inch to a foot. It will be 
observed, however, that, in the details of its base, the arrange- 
ment as to the final discharge of the rain-water diflfers advan- 
tageously from the usual practice in structures similar to this ; 
in which generally we find that the upper surface of the stone 
base, and consequently the bottom of the cast iron base plate, 
is set on the level of the intended surface of the ground. In 
order, therefore, not to interfere with the clear space around 
the bottom of the column, the rain descending from the roof 
is necessarily discharged through a circular opening cut ver- 
tically through the stone base in continuation of the interior 
hollow of the columns, the base plate itself being also neces- 
sarily open in the centre. Now, such an opening cut in the 
stone base diminishes its strength, and exposes it to the risk 
of being split vertically when the full load finally comes upon 
it, and thus seriously endangers the whole structure. This 
system of construction is, moreover, incompatible with the ad- 
vantages to be obtained from the use of the filling pieces de- 
scribed above. The rain water, also, unavoidably enters 
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the masonry, more or less, and tends to injure it» and render 
damp the adjacent ground. It is true that a column with la- 
teral discharge pipe must be founded about a foot or eighteen 
inches lower than when the other method of constructing the 
base is adopted, in order to place the lateral pipe completely 
below the intended ground lin«, and obviate any interference 
with the clear available space around the column, and its 
total length is consequently increased by the same amount; 
but neither this nor the increased quantity of metal which the 
columns demand from their greater length counteract the ad- 
vantages which follow its adoption. 

192. The diameter of column B is, at the base i' &\ and 
at the top i' 4", the thickness being one inch at every part. 
The connecting piece, which is in one casting with the shaft 
of the column, consists of a bottom flange of a square form 
i' g'* in the side, and i^ inch thick, strengthened by two 
brackets underneath on each of those two opposite sides, 
which carry longitudinal girders, and but one only on the re- 
maining faces, as shown in fig. 69. The upper flange is also 
of a square form, i' 5" in the side, and 1 i" inch thick ; and be- 
tween these two flanges is placed a short pillar of a square form 
in the horizontal section, 12'' in the side, and t! 4'' in height, 
with a thickness of one inch. Central openings are left in 
both of these flanges when casting, afibrding a continuous 
passage for the descent of the rain water, which is received 
from the superposed column C, and discharged through the 
internal hollow connecting piece and shaft of column B. 

The relative dimensions of the lower flange and square 
pillar of the connecting piece give a width in the horizontal 
direction of 4^ inches on every side, which on three of them 
is employed to support the girders and contain the screw bolts 
which hold them down, as shown in the two elevations, figs. 
69 and 70, and the horizontal and vertical sections, figs. 72 
and 73. 

The main or longitudinal girders have their upper flanges 
bolted together by three horizontal screw bolts, i| inch dia- 
meter, passing through the connecting piece, and through a 
plate of wrought iron riveted on the top flange of the girders, 
and turned up at right angles to coincide with the flat faces of 
the pillar, as will be understood from the drawings, figs. 69, 
70J 73 ; two vertical screw bolts also secure the lower flanges 
of the girders severally to the bottom flange of the connect- 
ing piece C. The transverse girder is held by four screw bolts, 
i\ inch diameter, differently arranged from those described 

2 c 
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above for the longitudinal beams, to suit its lighter character, 
and as having the opposite face of the connecting piece unoc- 
cupied ; for the bolts pass through the vertical end plate at 
about one-fourth of its depth, measured from the top and from 
the bottom flange, respectively. Two smaller screw bolts, 
f th inch in diameter, also passthrough the lower flange of the 
girder and of the bottom flange of the connecting piece de- 
scribed above. These firm connexions of the bearing ends of 
the girders give them great additional strength, rendering 
them analogous to those which are built into their abutments, 
or to such as are carried over successive piers in one continu- 
ous line of girders, and not merely laid singly upon their 
bearings. 

On the side of the connecting piece, towards the open 
central part of the building, its upper flange, with a Mridth 
of 8 inches, projects outwards for 1 5", and is supported under- 
neath by a bracket of a depth equal to that of the connecting 
piece itself, as shown in the drawing, fig. 73. The object of 
this bracket was to give part of the support to a longitudinal 
railway bar (one on each side of the main central opening) on 
which travels a steam hoist commanding every waggon stand- 
ing on the two central lines of railroad below, and also work-" 
ing wall cranes to discharge or raise goods at the side windows 
of the upper floor, as shown in fig. 57- . 

193. The column lettered C is shown in elevation in fig. 
75 at a scale of ^ inch to a foot, and with its details in part 
drawings at f inch to a foot in fig. 74, which is a horizontal 
section through n,n, figs. 73, 76, 77,78. It has a total height of 
11'. I J", being 12 inches in diameter at the base and ) i" at 
the upper end, and i inch in thickness. The bottom flange 
is bolted down on the top of column B by four screw bolts on 
two of its opposite sides, as shown in figs. 69 and 74. The 
inner circle in fig. 74 represents the opening for the discharge 
of rain water; and the vertical section of column B, fig. 73, 
shows the circular fitting strip cast below the bottom of the 
flange of column C, with the space for the rust joint, which is 
made good up to the outer edge of the square flange. 

The connecting piece of this column, which is in one cast- 
ing with the shaft, will be readily understood from the draw- 
ings, fig. 76 to 78 : the vertical square pillar between the 
flanges is 9 inches on the side, and has cast upon it a quadrant 
pipe, opening upwards, intended to receive the rain from the 
roof, 6 inches in internal diameter, with a socket at the end in 
order to admit a vertical pipe, which is cast with a double 
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bend, to enable it to be led past the longitudinal girders at- 
tached, and brought nearly centrally underneath a box, open 
at top, and about 4 inches deep, placed immediately below the 
level of the valley of the roof; the rain is made to flow towards 
-this point by giving the valley the usual fall of about i inch 
in 10 feet from the middle point between the successive pairs 
of columns; thus each of the hollow pillars has a well-defined 
and equal portion of the roof area to drain. The box above 
mentioned is lined with sheet lead in continuation with that 
of the valley. The angle irons of the bottom flanges of the 
upper wrought iron girders, supporting the roof, which are of 
the lattice form of construction, are bolted down on the bot- 
tom flange of the connecting piece by inch screw bolts. The 
top flange of the girder is given all the advantages of a fixed 
and continuous beam by a very ingenious arrangement : the 
total depth of the girder, being 2 ft. i^ inch, gives it a height 
of 8| inches above the extreme top of the column C ; and a 
casting in two pieces (somewhat similar to the cast iron chairs 
which hold in place some of the forms of rails now in use on 
railways) embraces the top flange of the girder on each side, 
and the three are united together by an inch screw bolt pass- 
ing transversely through all, as shown in figs. 76, 77. A 
suitable form is given to the inner surface of the castings, 
adapting them to fit the angle irons and rivet heads of the 
upper flange of the wrought uron girder ; three vertical screw 
bolts on each side fasten these castings down on the top of the 
upper flange of the column. The object of the double bend 
in the connecting rain pipe, mentioned above, is evidently 
to bring it clear of this girder, and at the same time nearly 
underneath the centre oi' the valley of the roof, which is con- 
structed of timber, and covered with slates and glass ; the tie 
beam of the principal, 12 inches deep by 8 inches wide, rests 
in a wrought iron shoe, 3 ft. long, which contains the scarf, 
and is shown in figs. 76 and 77, bearing transversely upon the 
top of the upper flange of the lattice girder. 

194. It will be perceived from the plan and transverse 
section, figs. 57 and 58, that there are four longitudinal ranges 
of columns within the building, supporting galleries and the 
roof; the two nearest the central line are those already de- 
scribed under letter B, and the two outermost under letter A. 

The total length of the building, inside measurement, is 
339 ft.; and the width, inside the projecting pilasters, 127 ft. 
9 inches. The width between the two central ranges of co- 
lumns is 25 ft. 9 inches from centre to centre, or 24 ft. 3 inches 
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in the clear; after deducting 18'', that is, one diameter. 
Between these and the ranges, letter A, on each side, the 
width, centres, is 19 ft. 3 inches ; and from the centre of these, 
again, to the pilasters of the side walls, 31 ft. 9 inches. In 
the direction of the length of the building the pillars are all 
31ft. apart, centres ; and the last at each end are spaced 
30 ft. from the inner face of the end wall, making the clear 
span in every opening about 29 ft. 6 inches. 

It is evidently important to place the ranges of columns 
B as close together as the double line of way between them 
and the circulation of the goods waggons will admit of; for 
this dimension rules the width of the central opening extend- 
ing up to the roof, and consequently limits the available 
breadth of the storage room on the galleries above, and the 
space for receiving and delivering goods, &c., on the ground 
floor below. 

Lines of railway are always given 6 ft. in the clear be- 
tween the up and down lines ; adding to this the width of the 
top of the rails, t. e., 2^ inches, taken twice, and the width of 
gauge, which in Ireland is 5 ft. 3 inches, we have for the dis- 
tance from centre to centre of the two lines of way 1 1 ft. 
8 inches. But, as within the building there are three trans- 
verse ranges of turntables required to facilitate the shifting 
of the waggons from one line to another, it will be evident 
that the least distance from centre to centre of these turn- 
tables limits the central distance of the lines of railway on 
which they are placed. Now, as the turntables are 12 ft. in 
diameter in the moving part, and 1 2 ft. 8 inches to the out- 
side of their containing circular frames, it follows that when 
these are placed in contact we shall have their distance from 
centre to centre, and consequently that of th« two middle 
lines of way also, 1 2 ft. 8 inches ; the outside width of the 
covered waggons being 8 ft. 7 inches, we shall have, by de- 
ducting the sum of these two (L e., 12 ft. 8" + 8 ft. 7"), or 
21 ft. 3 inches, from the clear width at a pair of columns, 
which, as already mentioned, is 24 ft. 3 inches, a remaining 
space of {8 incjies in the clear when a waggon passes a column, 
which may be considered as just sufficient for safety and con- 
venience. 

Outside the range of columns B, on each side of the centre 
line, there is a width of 1 1 ft. 3 inches in the clear, adapted 
for one line of rails ; the three-ton revolving cranes on columns 
A command the centre of any waggons standing on these 
lines, and, having a radius of 1 2 ft. 6", can deliver goods into 
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carts ivithin the building, and under cover, the spaces for 
which and gateways through the side walls are shown in the 
plan, fig. 57. 

195. In order to estimate the greatest load which can by 
possibility come upon the several pillars, we must first study 
the arrangement adopted for the main beams and timber 
joists ; and, secondly, find the maximum load which can be 
placed upon the galleries ; and, lastly, compute the weight of 
the main girders and flooring, the roof, and that of column 
C, with its revolving crane, and also the weight of the steam 
hoist, which, travelling the whole length of the building, 
may at any time be working over one of the columns B. 
Wrought iron beams are laid transversely from the side walls 
to each column A, being ten in number under each side gal- 
lery ; in the longitudinal direction four lines of beams are laid 
firom each end wall to the successive contiguous columns in 
the several lines of A and of B, and longitudinal beams are 
also fixed, one under each gallery, between the middle points 
of the transverse girders mentioned above, firom end to end of 
the building ; all these six lines of beams are shown in trans- 
verse section in fig. 57, and are eleven in number of each class 
on either side of the building. The clear span of each of 
these several classes of girders is very nearly the same, being 
about 29 ft. 6 inches for the longitudinal, and 31 ft. for the 
transverse openings ; the girder connecting A and B in the 
transverse direction is only a tie to steady the head of co- 
lumn B, and is not properly acting as a beam, but merely 
retaining it from any lateral motion The timber joists are 
all placed in the transverse direction of the building, and 
rest upon sleepers i t!' deep by 4'' broad, laid on the bottom 
flanges of the beams, and bolted together by screw bolts pass- 
ing through their vertical webs. 

196. Considering the natui^e of the goods' traffic on this 
line, it is probable that the maximum load which can be placed 
on the galleries would be that of com, which if in sacks could 
be heaped up nearly vertically on the open side of the central 
opening* We may assume the weight of corn on an average 
to be 60 lbs. per bushel, which, as a measure of capacity, is 
deflned by statute as containing 8 gallons of water^ or 80 lbs. 
weight ; we shall have, consequently, a uniformly distributed 
load of corn in sacks, at the above density, equal to Jths of 
the weight of water of the same depth. Let us suppose the 
floor to be loaded to a uniform depth of 1 2 ft., or nearly up 
to the level of the tie beams, and we shall have, from the 
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above figures, the pressure equal to ^th ton per square foot. 
Now, as to the several columns A, the area of gallery floor 
which may be taken as resting more particularly on each is 
720 square feet, or a rectangle whose sides are found by taking 
half the distance to the side walls and to the range of B for 
one side, and half the distance to each of the contiguous pil- 
lars A for the other, as shown by the dotted lines on part of 
the general plan, fig. 57 : the weight to be supported by each 
pillar A will thus be 197.5 ^^^9 ^.nd the girders and flooring 
at about 30 lbs. per square foot, equal to 10.58 tons, alto- 
gether about 208 tons. In like manner about 310 square feet, 
with the same weights per square foot, will be thrown on 
each pillar B, or 77.5 tons, and the gallery floor, as for A, 
equal to 4.15 tons — total, 81.65. ^^^ ^^^^ walls, again, for 
each length of 31 ft. will support about 496 square feet, 
equivalent to 124 tons. The columns B also support C and 
its proportion of the upper longitudinal girder under the val- 
ley of the roof, together with about 1300 square feet of the 
roof itself (measured on the sloping surface) which at i cwt. 
per square foot gives 16.2 tons ; the columns C, with the longi- 
tudinal lattice girder under roof, amount to about j} tons; and 
the revolving crane and its load of 3 tons make together 
5 tons, giving a total weight » 2 1 . 2 tons. The load on B may also 
be increased by the travelling steam hoist being placed, when 
at work, immediately over a pair of these pillars on opposite 
sides of the central opening, which we may take as equivalent 
to about 4 tons on one pillar ; and therefore the extreme weight 
on one of the pillars in the range B may be taken at 103 tons. 
It will be readily perceived that, at whatever intermediate 
point the column A may be placed in the width between the 
side wall and the corresponding pillar B, no alteration is there- 
by produced in the load it has to sustain, which is always one- 
half of that on an area of 5 1 fit. x 3 1 ; the remaining half is 
divided between the side wall and B proportionally to the seg- 
ments into which A cuts the width of the gallery, the greater 
load being towards the greater segment. 

197. As it was foreseen that the galleries above would at 
times be very unequally loaded, and the beams deflect to some 
extent, so that at the bearing points they would throw an 
oblique pressure on the top of the columns A, their thickness 
was consequently increased from i inch, which would give a 
sufi&cient factor of safety, to i^th inch. By placing the pillars 
A at about fths of the width of the ground floor between the 
side walls and the range of B, the space is conveniently di- 
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vided ; between A and B there is width for a line of rails and 
landing wharf for goods ; and the fall of the revolving crane, 
having 12ft. (>' radius of sweep, will on one side command 
the centre of the railway waggon, and on the other that of the 
cart, which with the horse attached can enter, completely 
under cover, through the gateways opened in the side walls. 
The Author is indebted for the drawings and details of 
this structure to the kindness of Mr. G. W. Hemans, Engi- 
neer-in-Chief ; and to Mr. W. Anderson, at that time of the 
firm of Messrs. Courtney, Stephens, and Co., who constructed 
the iron work of this building. 

198. In the two following examples we have instructive 
instances of the first of the different divisions into which struc- 
tures supported on cast iron pillars have been conventionally 
classified — vide p. 170, § 169; namely, the Carlisle Pier, 
situated within the Kingstown Harbour ; and a landing shed 
on the North Quay at Dublin, which, as we shall see further 
on, are both necessarily open on all sides, in compliance with 
the objects for which they were erected. 

When the determination was formed to accelerate the 
mail service between London and Dublin, so as to occupy 
only eleven hours in the transit between the two cities, it 
was immediately seen that a landing place exclusively appro- 
priated to the new steamboats must be constructed within 
the Kingstown and Holyhead Harbours, so as to obviate all 
that interruption and loss of time which would otherwise con- 
tinually arise. 

The Carlisle Pier was accordingly run out into «. the re- 
quisite depth of water within the harbour at Kingstown, 
and over part of it was placed a roof supported on cast iron 
pillars, with the object of affording shelter both to the pas- 
sengers and to the agents of the Post OflSce, and other em- 
ployes^ on embarking and disembarking as they passed be- 
tween the railway train, drawn up under the roof, and the 
mail steamboats alongside. 

199. The position of the pier within the harbour was 
chosen afler considerable discussion, and no small difference 
of opinion as to the best point for its location. Several con- 
ditions were obligatory in this selection ; and, to understand 
them more fully, it may be necessary to state some of the phy- 
sical features of this harbour, which is shown in plan in fig. 
80, Plate IX., at a scale of 6 inches to a mile. The rise and 
fall of the tide at full and change of the moon, that is, at 
spring tides, on this part of the coast, is about 12 ft. or 13 ft., 
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and the depth of water at the entrance of the harbour about 
25 ft. at low water, shoaling off towards the line of the shore, 
but leaving a large part of the 276 acres which the piers in- 
close with a depth of about 20 ft. The prevailing winds, 
which come from the west, are off shore, and the harbour is 
landlocked at all points except from about north to east, so 
that in gales from this quarter the inner western side of the 
harbour is rather exposed, and subject to a heavy swelL 

The mail boats, which have a speed of about 16 on 7 miles 
per hour, are 300 feet in length, and draw from 10 to 12 ft. 
Now, the establishment of this port, that is, the hour at which 
high water of spring tides occurs, is eleven o'clock in the 
forenoon ; and these boats, being timed to arrive and depart at 
about six and seven o'clock both morning and evening, are 
thus generally alongside, under steam, at an hour not far re- 
moved from the low water of springs. 

From these different considerations it was evidently es- 
sential to select for the site of the pier some part of the har- 
bour where, in the first place, there would be deep water 
alongside ; and, secondly, the least possible exposure to the 
effects of gales of wind from the north round to east, and more- 
over to secure these advantages without interfering with the 
deep-water moorings and room for tacking already provided 
within the harbour. It was also necessary, in making this choice 
of site, to keep in view the possibility of bringing a branch 
line from the Kingstown Kailway down the centre line of the 
intended pier. All these conditions, it seems, were best ful- 
filled in the site ultimately chosen. Its direction, pointing 
towards the entrance of the harbour, enables the mail boats 
to come alongside and start without delay. The depth of 
water is ample at all times ; and from its almost recessed po- 
sition in the south-eastern angle of the harbour, no inter- 
ference with the anchorage results ; and in gales from the 
north-east the water is less disturbed than at any other place 
which might have been selected. In order to lessen the dis- 
advantages which boats and small craft would otherwise 
suffer, an opening has been left in the pier near the shore, and 
arched over, so that there is a communication at all times un- 
derneath. However, to reach the pier by the branch from 
the main line of railway to Dublin, it was necessary to adopt 
a curve of about 3 1 3 ft. radius, that being the very least which 
this Company's engines could traverse ; and even with this 
radius a large part of the curve had to be laid on the pier it- 
self, with a second bend, or S-curve, extending nearly up to 
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the landing shed before it couW be brought in line with the 
direction of the pier. 

The dotted lines in the general map of the harbour, Fig. 
80, extending outwards from the Transport Service Wharf, 
indicate the position for this pier which was advocated by the 
late Mr. Rendel. 

200. The requirements of the Postal Service, and the na- 
ture of the accommodation necessary for passengers, indicated 
pretty clearly the general dimensions and details suitable in 
the design for the pier, and for the roof, &c., of the shed to be 
erected upon it, with its supporting pillars. 

Thus we see that, as a consequence of the near coincidence 
of the appointed hours of arrival and departure of the steam- 
boats at the Kingstown side, both with the morning and 
evening mails, it became necessary to appoint one side of the 
pier and of the shed (the Avestern) for the use of the boat ar- 
riving from Holyhead, and the other (the eastern) to that 
leaving Kingstown for the former place. It is evident, there- 
fore, that each side of the shed must be alike completely open, 
so that the construction of any wall of masonry, of which ad- 
vantage might be taken at once to support and also hold 
down the roof, is inadmissible ; and thus the stability and per- 
manence of the structure in the gales of wind to which, from 
its situation, it is so much exposed, must depend solely on the 
secure anchoring down of the cast iron pillars at their bases, 
and the firm attachment of the roof principals to the connect- 
ing pieces above. We shall find that the pillars, &c., have 
been carefully designed in anticipation of these several re- 
quirements ; and it may be added that, for the same reasons, 
connected with the hours of the mail service, a double line of 
railway for the carriages attending on each of the steamboats 
must be provided under the cover of the landing shed. The 
gable ends ofthe roof were also necessarily open — the southern, 
to admit the entrance of the engines and carriages from the 
branch line of railway ; and the northern, in order to give ac- 
cess to the turntable placed outside at the extreme point of 
the pier, as shown in Fig. 82. 

201. The different dimensions of the pier and roof are 
figured on the transverse section, Fig. 81. The two ranges 
of columns which support and -steady the roof are, it will be 
seen, placed 34 ft. apart, transversely from centre to centre ; 
of this width 24 ft. are allotted to the double line of railway, 
thus leaving 5 ft. on each side for the convenient movement 
of the passengers entering or leaving the carriages. The level 
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of the line of rails is about 2 ft. below the platform ; and as the 
newer carriages on this line are about 10 ft. wide, measured at 
the steps, there is, when trains are standing on each line of 
railway, a clear intermediate space of 4 ft. in the centre, which 
is required by the employes of the railway company in their 
various duties. The pent roof or hanging shed extends, in- 
cluding the rain gutters, 1 1 ft. on each side beyond the range 
of columns, so that the total width of covered space is 56 ft. 
In each line of columns (Fig. 82) there are 15 pillars, placed 
1 8 ft. apart, centres ; the extreme length of the roof being 
254 ft., which gives room for about six or seven carriages to 
stand under cover on each line of rails ; the total horizontal 
area covered over being therefore 14,224 square feet. 

202. The form and dimensions of the pillars are shown in 
Figs. 82, &c. The connecting piece, shaft, and base piece are 
all in one casting. The base, which is square in plan, and 
2 ft. 3 in. in the side, is let into a massive granite block, so 
that its upper surface is flush with the level of the platform ; 
each pillar is fastened down by four lewis bolts, leaded down 
securely into holes prepared in the stone, and having screwed 
ends 2 in. in diameter, projecting upward, and so spaced as to 
pass through openings left in each angle of the base, the plate 
of which is two inches in thickness, except at the several an- 
gles, where for a space of 9 in. square it is increased to 4 in., 
the projection being on the under side, as shown in Figs. 89 
to 92 ; the granite stone being carved out with a correspond- 
ing recess. This additional thickness at the angles is given to 
the base piece to enable it fully to receive the holding down 
hexagonal nuts when screwed home on the upper end of the 
lewb bolts, and consequently leave their upper surfaces on one 
and the same level as the base of the column and the plat- 
form ; a circular recess was therefore cast on the upper surface, 
at each angle of the base piece, of sufficient diameter to 
enable a spanner to work the nut, and of a depth sufficient 
to contain it when home, which end could not have been' 
effected unless by this increased thickness of the base plate at 
the angles. 

The diameter of the pillars at j in. above the ground line 
is 10 in., and the thickness ifth m. ; at the neck these di- 
mensions are 8 in. and i ^ in. oespectively, so that the external 
line of the column tapers about one in a hundred on each side. 
Between the surface of the base and the above-mentioned 
height of 3 in., the form is a quadrant of a circle, with a radius 
of 3 in., forming a cavetto or hollow moulding. Above the 
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neck of the pillar a sort of ogee moulding projects for the pur- 
pose of carrying the octagonal head. 

The connecting piece, or head of the pillar (figs. 84, 87, 
and 88), is externally octagonal in form, and bored out so as 
to receive accurately the cylindrical turned foot of the cast 
iron standard. These standards are shown in Figs. 85, 86, 
and, being let down into the head of the pillar, are secured 
by means of a wrought iron key passed through openings left 
in the pillar head and standard, diametrically opposite to each 
other, and firmly keyed up, as shown in the drawings. The 
rain water is received in galvanized wrought iron gutters, and 
carried by pipes of the same material into the alternate pillar 
heads, and thence through the pillars into drains prepared 
below. The disadvantages of discharging the rain water 
through the base of the pillars, already dwelt upon, do not 
apply to columns such as these, which, as not bearing great 
insistent load, do not require an extended area to rest upon ; 
and, for the same reason, the massive granite blocks are prac- 
tically uninjured by the central hole drilled through them. 

203. The pillars, with their standards in place, having 
been erected truly vertical, in the same horizontal plane, and 
parallel and perpendicular as regarded themselves and the 
axis or central line of the building, and being securely fas- 
tened at the base, as already described, to the prepared gra- 
nite blocks, and at the given distances, were ready to receive 
the main tranverse principals and longitudinal girders or pur- 
lins, which, though constituting with the roof covering the 
actual and only vertical load that the pillars have to sustain, 
yet aid them materially in performing their chief duty as un- 
yielding vertical beams, by forming one complete frame tied in 
every direction, so that any lateral force of the wind acting 
upon the roof is resisted simultaneously by the strength of all 
the columns, thirty in number; the main and intermediate 
principals, and lower and upper longitudinal girders or pur- 
lins, being riveted to each other, and to the standards, and 
stiffened by diagonal straps of wrought iron, 2iin. by Jin., 
passing from the heads of the standards on one side to the 
alternate opposite heads, and securely fastened to them and 
to the upper flanges of the principals they severally pass. 

It will be evident that, in sustaining the weight of this 
roof, the pillars exert but a very small fraction of their strength 
as columns. To calculate that strength we should take, as 
being on the safe side, the lesser diameter at the neck of the 
pillar, i. e., 8 in. for the external, and 5I for the internal ; and 
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as to the length, we may assome it as being equal to lo ft. ; the 
vertical load on each cannot be estimated to exceed 7 tons. The 
true duty of such pillars is, as has been mentioned, to act as 
vertical beams fix^ at one end, that is, the base, and pressed 
at the other by the lateral or horizontal force of the wind im- 
pinging on the roof. The effective area acted upon by the 
wind will evidently be equal to the product of the total length 
of the shed into the vertical projection of the sloping side, 
that is, 254 ft. into 1 2 ft., which gives 3048 square flb. Now, 
the extreme pressure of the wind may be taken at 55 lbs. per 
square ft. in the highest gales in this climate, giving a hori- 
zontal force of 74.8 tons, or about 2^ tons to each pillar ; and 
as the roof is a rigid frame, and immovably united to the pil- 
lars, the leverage of this force to fracture them transversely at 
the base must be measured by the vertical distance from the 
middle point of the rise of the roof above the ground line, 
which is about 16 ft. The experiments and resulting formulae 
and constants for hollow cylindrical cast iron beams, which 
will be given in a future part of this work, indicate an ultimate 
transverse strength in these pillars about four or five times in 
excess of the above strain. 

204. The details of the pillars in this structure seem well 
worthy of adoption in similar circumstances. The base piece, 
for instance, with its^holding down nut and screw bolt, being 
made flush with the surface of the platform, offer no impedi- 
ment to the generally hurried movements of the passengers 
or porters at the arrival and departure of the trains. It is 
matter of surprise how often this obvious detail of pillar con- 
struction is neglected ; the edge of the cast iron base being 
often placed for its full thickness above the platform level, 
and moreover carrying on its upper surface the projecting 
holding down nuts, with an inch or more of superfluous screw 
bolt above it, all tending to trip up the unwary crowd. 

The curved form of the bottom of the shaft of the pillar is 
better practice than bringing down the exterior line of the 
shaft to intersect at an angle with the horizontal surface of 
the base, and supplying the needful stiffness of the base by 
inserting a number of radial gussets, not only from the num- 
ber of re-entrant angles, which endanger the soundness of the 
casting, but also from the greater interference with the space 
around the foot of the pillar than in this example. All the 
points we have mentioned in contrast are shown in figs. 92a 
and 926, which are taken from existing structures. 

The increase of the diameter from 8 inches at the neck 
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to 10 inches at the base, and of thickness from i^ to if inches 
at the same parts is judicious and economical, remembering 
that the pillar is to be regarded as a vertical beam, and that 
the maximum bending moment is at the base. It has been 
proved experimentally by Mr. Hodgkinson, that in pillars 
carrying vertical load only, no practical advantage is gained 
by adopting a tapered instead of a true cylindrical form. 

. The method of securing the standards by inserting them 
into hollow caps or heads prepared in the pillar obtains great 
favour amongst the constructors of wrought iron roofs sup- 
ported on pillars, and certainly affords a good resistance to a 
horizontal force, when carefully fitted. It was intended to 
have had an internal stud in the pillar head and a returned 
slot in the standard, but all such studs are uncertain in a ma- 
terial like cast iron, and liable to be unsound with the utmost 
care in the foundry. Keys driven through well-prepared key- 
ways or mortice holes in both the head and the standard can 
be made to fulfil every required end. 

The double T-form of the upper part of the standard is well 
adapted for joining on to the wrought iron roof frame ; the 
heel of the main transverse principal on each side of the shed 
being bolted on at the side lettered a by f-inch screw bolts 
and nuts, and the head of the hanging shed which projects 
outside the line of pillars on the other ; and they are all three 
further secured by a wrought iron strap passing over the 
standard head, and fastened to the upper flanges by rivets. 

The main or lower longitudinal girders are also secured to 
the standard head on the two other and opposite faces by 
screw bolts and nuts ; the upper girders or purlins, parallel to 
these, are rivetted to the main transverse principals, two inter- 
mediate principals rest on the girders, and are framed and se- 
cured to them, the whole being stiffened by the diagonal ties 
already mentioned. In connexion with the detail of the 
standards it may be pointed out that the spacing of ^he pillars, 
34 ft. apart transversely, and adopting a hanging shed for 
1 1 ft., externally, on each side, has the advantage of affording 
a sufficiently deep and secure junction between them and the 
principals, and removing the lines of pillars further from the 
water's edge, thus giving uninterrupted space for the work of 
mooring the steamers as they arrive, and also room for the 
requisite bollards. These important points would not have 
been attained had the lines of pillars been placed 54 ft. apart, 
and a trussed principal of a span thus increased by 20 fl. at- 
tached only at the cap of the column, which would have been 
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the case, had the pitch of the roof and height from the platform 
to the rain gutters been maintained the same as in the ex- 
isting roof. 

205. The pier was constructed up to the level of low water 
line by the diving bell, worked from a stage on piles ; from 
this level it was built by tide work, and set in cement. Two 
massive walls 20 ft. wide were carried up on each side ; in the 
intervening space unsquared masses of granite were tipped in 
from waggons worked on a temporary tramroad. The centre 
line of the ranges of columns falls about the centre of the side 
walls, in which no subsidence or derangement need be feared, 
and the ballast for the railway has been laid on the looser cen- 
tral filling. The work has proved very satisfactory, no vibra- 
tion being apparent even in the heaviest gales of wind. 

The working drawings and specification of the above in- 
structive example have been very kindly lent for this work by 
Colonel M*Kerlie, R. E., Chairman of the Board of Public 
Works, by whom the structure was designed. 

206. In figs. 93 to 96 are shown the general arrangement 
and details of the landing sheds constructed on the North 
Wall Quays,. Dublin, by B. B. Stoney, Esq. These struc- 
tures are of the greatest utility in affording temporary shelter 
from the weather to merchandise which must otherwise lie 
exposed until the opportunity for its removal occur ; and being 
most frequently open on all sides, it is necessary that here also, 
as in the last example, the column be very firmly held down 
at its base, and at its head be well united to the roof. * The 
foundation, which also is made to answer as an anchorage for 
the whole shed, consists of a mass of concrete under each 
pillar of about 1 8 cubic ft. The excavation for it having been 
carried down to the proper depth, the first operation must be 
to place the wrought iron washer plates, about 8 inches square, 
at the bottom ; the holding down bolts^ which are i^ inch in 
diameter,, having been already passed through them and 
standing up in the angles of a square 14 inches in the side. 

207. The column, fig. 93, is in one casting with its base 
and cap or head, and, as shown in plan and horizontal section, 
fig. 94, is of a square form, 10 inches in the side, externally, 
and I inch thick ; the base extends 4 inches on all sides, and 
is consequently 1 8 inches square, having two gussets at each 
angle, which unite it strongly to the column ; in the square 
spaces they enclose bolt holes are ca^t, if inch in diameter, 
and 14 inches centres with raised edges ^ inch in width, 
through which the screwed ends of the holding down bolts al- 
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ready mentioned are intended to project upwards. The con- 
crete having been filled in around the bolts, and a thin bed 
of cement spread on its upper surface at the proper level, the 
column is let down over the bolts, and firmly fastened by the 
nuts being brought home on the raised edges. 

The cap of the column is adapted by its form to receive 
securely a longitudinal beam of timber, fig. 95, to which the 
rafters are attached ; the rain water is conveyed from the cast 
iron gutters through a bent pipe to an opening in the front of 
the pillar, and downwards through the interior, being dis- 
charged into a paved channel on the ground surface, by a 
simple lateral opening, of a circular shape, at the proper level. 

The square form has been adopted in the pillars, as giving 
greater facilities than the circular for the attachment of gates, 
partitions, &c. The experience of several years has satisfac- 
torily proved that the concrete block forms a sufficient base 
for these structures, and of its economy when compared with 
a block of granite of the same dimensions there can be no 
doubt. At many ports these structures are of much larger 
dimensions in every way ; and, for bonded goods, brick wall- 
ing is filled in between the pillars, which are of much larger 
dimensions than those described above. 

208. The following example is intended to show the 
arrangements and dimensions of the pillars, and their ad- 
juncts, adopted in the construction of Fire-proof Buildings. 

In warehouses, sugar refineries, and also in mills for 
various textile fabrics, such as cotton, flax, wool, and silks, 
fire-proof structures are now deemed indispensable, or at least 
the materials of which the buildings consist are required to 
be incombustible, though they are too frequently destroyed 
by the conflagration of the enormous quantities of inflammable 
goods stored within them. In such structures cast iron pil- 
lars, under great direct compression, form one indispensable 
element. In plan the main building of such a mill is gene- 
rally a rectangle, the dimensions of which, when of first-rate 
size, will be in length from about 200 to 300 ft., and in 
breadth from about 40 to 60 ft., or even more, and having five 
or six stories in height ; in plate X., fig. 97, is shown a part 
plan of a building provided with fire-proof flooring ; fig. 98 is a 
vertical section through the line AB in fig. 97, and fig. 99 apart 
longitudinal section through the line CD on the same plan. 

The general arrangement is clearly shown in these draw- 
ings : longitudinal ranges of cast iron pillars support at every 
floor girders which are placed transversely in the building; 
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between these beams brick segmental arches, with very small 
rise, are turned, and concrete filled in to a level surface upon 
them, on which the floor of landings or tiles is laid. Along 
the length of each successive story are placed one or more 
ranges of columns, the distance between the ranges being 
from 14 to 25 ft., and that between the several pillars in each 
line from .8 to 10 ft., and sometimes even 11 ft. ; the span of 
the segmental arches being determined by the latter interval. 
The beams of cast iron (and in the more modem practice 
sometimes of wrought iron), are laid transversely across the 
width of the building, and rest upon a wall plate on the main 
longitudinal outside walls, and upon the flange of the cap of 
the corresponding contiguous pillar; each pillar, therefore, 
supports the ends of two conterminous beams, which are 
firmly united around the connecting piece of the pillar, and 
are placed on the same level, and in the same right line. 

209. In fig. 100 are shown two stories of superimposed pil- 
lars, and part of a third, in general elevation on a plane pa- 
rallel to the width of the mill, on the line AB, fig. 97, the 
brick arches being removed, at a scale of half an inch to a foot ; 
and in fig. 101 a vertical section through the axis of the pillar 
in a plane at right angles to the former, that is, parallel to the 
length of the building, the scale being one inch to a foot. 
Between each successive pair of the parallel beams, as above 
mentioned, a brick segmental arch is turned, the outward 
thrust of which is counteracted by wrought iron tie rods, 
without which the arches might produce a dangerous lateral 
flexure of the beams, and destroy the gable end walls of the 
building. The pillars are also bound together, at each floor 
level, by wrought iron tie rods, parallel to those first men- 
tioned ; and, lastly, a level surface is obtained for the floor by 
filling in the spandrils above the brick arches with a light con- 
crete of lime and ashes, the floor itself being formed with tiles, 
flagging or landings, set in a bed of mortar on the surface of 
the concrete. 

The several columns of the lower story sustain the 
weight of a part of the first floor and of the machinery or 
goods placed on it (the area for each pillar and for the 
walls being shown by dotted lines, fig. 97) together with 
the vertical pressure transmitted through the columns of the 
second story, which in like manner support part of the 
weight of the floor above them and the bases of the third 
story pillars, and so on. The successive columns, placed 
vertically over each other, must therefore be given powers 
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of resistance proportioned to the very different weights they 
have to sustain. 

Thus the load supported by the pillars on any particular 
story, as arising from the weight of the building itself, de* 
pends conjointly upon the average weight per square foot of 
the fire-proof flooring, upon the breadth between the ranges, 
that is, on the span of the girders; upon the longitudinal 
distance of the pillars in each range, that is, on the span of the 
arches ; and upon the number of storys above the pillar under 
consideration. The weight — including, of course, the weight 
of the pillars themselves — of the flooring may be taken as be- 
tween 140 and 160 lbs. per square foot in factories ; that of the 
machinery may be taken at about loo lbs. per square foot on 
the average. 

210. We may now consider the columns in detail. The 
base plate, which in these structures is a separate casting, has an 
area of from 4 to 5 square feet, according to the height and 
weight of the building, and, being of a square form, is there- 
fore from 2 to 2^ feet in the side. It is shown in vertical 
section through the centre in fig. loi, and in isometrical pro- 
jection in fig. 102, the side being 2 feet 3 inches, and the 
thickness about 2^ inches, the upper surface being bevilled 
off on all sides. This base piece is supported on a large block 
of aisler stone, about 3 feet 6 inches in the side, and from i foot 
3 inches to 2 feet in depth, set upon footings of brickwork, 
which extend the final bearing surface resting on the natural 
ground to about 25 square feet, or more, according to the 
quality of the foundations. 

It has been the practice, in some instances, to cut a recess 
in the upper surface of the stone block to receive the base 
plate, the bottom of the recess being dressed and levelled to 
receive it; the object (if any) of this recess, it is presumed, 
must be to giTC lateral steadiness during the erection of the 
pillars, which service no doubt it would perform when flushed 
up all round with cement ; but the practice is certainly objeo- 
tionable from the greater difficulty of dressing a recessed sur* 
face true out of winding, and of setting it truly level, compared 
with the same processes when we have a free upper bed of the 
stone unrecessed, and also from the increased trouble the 
workmen find in fitting the casting — a circumstance which al- 
ways tends to the work being inefficiently performed. The 
dotted lines at //, 6g. loi, show the form of the upper part 
of the stone base in section when this recess is sunk in it. 
The proper course would seem to be, to dress all the upper 

2 B 
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surface of the block, as showi\ in the drawings, and to depend 
for the requisite lateral steadiness upon iron dowel pins let 
down into the stone, and passing through holes left in the 
casting near the angles, all being filled up flush with lead or 
some suitable cement, as described in some previous examples. 
The consequences of the base piece not being truly 
bedded in a recess sunk to receive it in the surface of the 
stone may be very serious. The unequal pressure thus oc- 
casioned has been known, in a mill of many stories in height, 
and just when the complete structure had brought the final 
maximum load of the floors on the columns, to split the stone 
base, causing a subsidence of the superimposed vertical line 
of pillars, which, however small it may be, endangers the 
cast iron girders and brick arches depending on them in every 
story. The remedy applied in the case alluded to was by 
temporarily relieving the lowermost pillar of its load by screw- 
jacks, whilst the two parts of the stone, which had opened out 
below, were brought together and bound round with a strong 
strap of wrought iron shrunk on. 

The upper surface of the base piece is cast with a cross, 
shown isometrically in fig. 102, and also in the vertical sec- 
tion, fig. 10 1 ; the extreme faces of which were dressed so as 
exactly to correspond in length with the interior diameter of 
the lowermost pillar, which, when raised into its vertical posi- 
tion, and dropped over this projection, was thereby secured 
against any lateral shifting upon the base piece ; this surface 
and that of the bottom of the pillar were faced in the lathe, 
so as to fit with perfect truth. The exact levelling of the 
base plate, on which operation depends the verticality of all 
the pillars resting on it, is carefully performed by a spirit 
level applied to this surface. 

211. The shaft of the column is, ascending from the foun* 
dation, the next part to claim attention. In the construction of 
mills the columns seldom exceed 8 inches in diameter, the thick- 
ness of the metal being about i^ or if inches in the lowermost 
story, decreasing gradually to about f ths of an inch at the 
uppermost : the external form is cylindrical, and the diameter 
the same in every story, and with every different amount of 
loading in the various parts of the structure —a circumstance 
which leads necessarily to the strength being adapted to the 
duty by a varied internal diameter, and consequent thickness, 
thus giving the great advantage of uniform distances and 
spans on external measurements in every story, as already 
mentioned in the account of the Exhibition Building of 1851. 
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The elevation and vertical section of the shaft of the 
column show that a small portion of the lower part was in- 
creased in thickness on the external diameter, like a plinth, 
from about 8 inches to about lo^ inches, the internal diameter 
remaining constant ; this gives great steadiness, and, moreover, 
the annular surface which finally transmits the pressure to 
the base is more than doubled, being, with the above dimen- 
sions, increased from 30.5 to 67 square inches, and the unit 
pressure diminished in the inverse proportion of the same num- 
bers, while the quantity of metal in the whole column is 
scarcely at all increased ; this judicious practice we may ob- 
serve to be frequently followed. In the column shown at 
fig. 40, we find the annular base of the pillar increased, by the 
same method, from an external diameter of 14 inches up to 
15I, the internal diameter remaining the same, namely, 11^ 
inches, the consequent increase of bearing being from 50.6 
square inches, which it would have otherwise been, up to 84.8 
square inches, or 70 per cent. The danger of splitting the 
column at the ends in handling it, either in the lathe or in the 
conveyance and subsequent erection, is much diminished ; and 
any decrease of bearing area from air holes, &c., can be 
better afforded with the arrangement now indicated. 

A suitable capital, easily moulded, and in one casting with 
the circular shaft, terminates this part of the pillar ; this 
capital, widening outwards in the upper part, gives a bracket- 
like support to the oap, which has to sustain the end of each of 
the girders which rest upon it. The connecting piece is also 
cast in one with the pillar below, of which it is in fiact merely 
a prolongation, except in having a socket at the top of some- 
what larger diameter, which is intended to carry the lower 
end of the pillar immediately above. 

All the pillars, being externally identical in every respect, 
and only varying in the internal diameter to give strength in 
proportion to the load to be supported, are advantageously 
made in one casting with the connecting piece. The method 
of tying together the several columns standing in the same 
longitudinal range in each story is by horizontal tie rods of 
iron bars, about one inch square. 

The drawing, fig. 100, shows a rectangular opening, with 
a raised fiat surface around it, at the letters a and a, another 
similar opening being left on the other side diametrically op- 
posite, the several columns having an identical arrangement ; 
and the line joining these openings, being perpendicular to that 
of the girders, is therefore parallel to the length of the build- 
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ing. Through these openings the tie rods are passed, each rod 
extending from the outside of one pillar to the outside of that 
contiguous to it, in the same longitudinal range : each pillar 
has therefore the ends of two rods attached to it, as shown 
at d d, fig. 10 1 ; they are very ingeniously and simply keyed 
up and fastened by a single iron wedge, also shown in fig. loi . 
The bars have at each end a hooked termination, the flat inner 
faces of which rest upon, and are fitted to, the corresponding 
flat surface around the rectangular openings in the connecting 
piece. 

When th^ ends of the tie bars have been passed through — 
and it is obvious that the hook on each must not be longer 
than the depth of the opening in the pillar through which it 
must be passed — the hook of the lower bar pointing down- 
wards, and of the upper one in the contrary direction, then 
the key or wedge, being driven into the vertical space between 
the bars, forces each into its intended position, from which 
they cannot be drawn out by a longitudinal pull, without 
first shearing off the external projections of the hooked ends ; 
and, as the shearing resistance of wrought iron is equal to its 
direct tensile resistance, the horizontal area of the hooked 
end should be at least equal to the transverse section of the 
tie bar. 

212. The form of that end of the girders resting on the 
pillars, and the method of securing them to each other and to 
the pillars, both longitudinally and transversely, is shown in 
fig. 10 1, at the letters c c, and in fig. 103, which is a horizon- 
tal section through the level of the tie bars. It will be ob- 
served that the bearings of the girders are constructed to fit 
the cylindrical form of the connecting piece, each embracing 
half its surface, and having half the cap to rest upon, and are 
by the same arrangement made secure ^om all lateral derange- 
ment ; all which will be readily understood by the isometrical 
drawing, fig. 104, when compared with figs. 100 and 103. 
These conterminous girders are tied together longitudinally 
by wrought iron hoops or rings on each side, shrunk on 
semicircular projecting horns, cast on the ends of the beams 
at about half their depth, which project horizontally about 
4 inches ; when the beams are laid in line, the horns on each 
side coincide. 

213. The socket on the top of each column is faced and 
bored exactly to fit the foot of the pillar immediately above, 
the annular bearing area of which is increased, and its ex-^ 
ternal form made similar to that of the lowermost story, by 
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an external fillet or step, acting as a plinth. The socket also 
secures the superimposed pillars from any lateral motion when 
once dropped into place. 

The segmental arches are made as light as possible ; in 
factories which have only the weight of the machinery to sus- 
tain, the rise is from one-twelfth to one-tenth of the span ; in 
warehouses which carry great loads, and the floors of which 
are exposed to impact from the moving or the falling of 
heavy bales and packages, piled as high as possible, the pro- 
portion is about an eighth. The bricks, which should be of 
good quality, hard, and well burned, are moulded to suit the 
curve of the arch, the springers being shaped so as to fit 
against the cast iron beam. In factories the lower parts of the 
arch are in several instances 9 inches deep, then 7, and at the 
key a half brick set on edge, or 4^ inches ; but in warehouses 
the arches are made stronger, with a greater depth of brick. 
All these details vary according to the circumstances of the 
particular structure, the nature of the strains, and the uses 
for which the building is intended. The haunches are filled 
up with a light concrete of lime and ashes, which is brought 
to a level surface, ready to receive the floor already described. 
The structure being identical in every respect between each 
line of girders, it is evident that the horizontal thrust of the 
arches is in equilibrium on each side of every girder, when no 
settlement in any of them has occurred. At each gable end 
of the building, and on every story, the axes of the segmen- 
tal arches are placed in the direction of the length of the 
building, and consequently at right angles to those already 
described ; this is shown in figs. 97 and 99 ; it will be ob- 
served that the tie rods terminate at the last line of transverse 
beams, the object being to make room for the short longitu- 
dinal beams placed with their ends resting on the gable wall 
and on the flange of the cross beams, which are made stronger 
for that purpose. These short beams and the segmental 
arches they carry are considered to form a strong resisting 
abutment to the thrust of the transverse arches placed from 
one end of the building to the other. 

If any one of these transverse arches should fail, the whole 
structure would be liable to serious risk, the immediate con- 
sequence being that — unless the tie rods sufiSced to prevent 
it — the unsupported thrust of the contiguous arches would 
break the cast iron girders, which are formed and proportioned 
to resist a vertical uniform load, but not a lateral or transverse 
strain in the horizontal plane, and thus from arch to arch the 
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destruction would spread with great rapidity, and that floor 
be completely destroyed, the probability being that the floor 
below in some part would be injured by their falling upon it, 
and the ruin of the lower floor be equally rapid with that 
above, and from the same causes, and so on to the very lowest — 
a disaster which has more than once occurred. The simple 
application of wrought iron tie rods to take the thrust of the 
arches in a great degree obviates this danger : two series of 
these rods, in lines parallel to the length of the building, pass 
through each girder transversely, holes being cast in their 
vertical webs for this purpose, around which are raised sur- 
faces like those described already on the connecting pieces of 
the columns ; the tie rods are united firmly to each girder, so 
that each pair of beams, taken in any order, are held together, 
and the thrust of the arch between them balanced by an equal 
and opposite force : now, even if one arch should fail, or have 
to be taken down for repair, no injury can arise during the 
operation ; of course, prudence would dictate in such a case the 
insertion of sufficient temporary timber props as soon as pos- 
sible. Fig. 105 is a horizontal section of a beam at the tie 
rod, showing the arrangement described. In the earlier days 
of fire-proof mill construction not a few instances of sudden 
ruin to the structure, and loss of life, are recorded, even though 
tie bars had been used, which accidents will be described in a 
future page. 

The tie bars, as well as those described already for steady- 
ing the pillars, are placed at a level sufficiently high to obviate 
their interfering with the headway beneath the soffit of the 
brick arches, the top flange of the beam, when of cast iron, 
rising towards the centre of its span, with a curvature which 
enables the holes through the vertical web to be placed suffi- 
ciently high to admit of this being easily effected. Fig. 105 
shows a horizontal section through the web of the beam at the 
opening for the tie rods, which are identical with those applied 
to the pillars, except that the heads of the rods are laid horizon- 
tally, in order to interfere less with the brickwork. 

The form and strength of the beams^ and the interesting 
comparison as to the relative economy of employing cast or 
wrought iron in them, will be given in Part II., in which 
Transverse Strains, with practical examples, are to be treated 
of; but it may be seen from the drawings that the top of the 
beam curves downwards to the bearing end, the bottom line 
being straight ; and this aflPords room for the tie bars of the 
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pillars above to pass clear over the ends of the girders and 
the wrought iron straps holding them together. 

The arrangements for uniting wrought iron beams to the 
connecting piece, and to each other, are somewhat different 
in their details from those above described for cast iron. Figs. 
106 and 107 show that the connecting piece is of a square 
form to adapt it to the end of the girder : bolt holes are lefl 
in the pillar, and corresponding holes drilled in the vertical 
end angle irons of the beams, through which screw bolts are 
passed, thus uniting all three together as firmly as in the 
former material. In some cases it will be necessary to pro- 
vide room for the bolt holes in the connecting piece, in the 
manner shown in fig. io8 ; the bolt holes in the end of the 
beams being required to be spaced at a greater distance than 
the width of the square part of the pillar. The wrought iron 
beams, unlike those of cast iron, are given the same depth at 
all points of the span ; the tie rods are simple fiat bars, riveted 
to the top of the upper fiange of the beam. 

In figs. 1 09, 1 1 o, are shown the hollow bricks used by 
Mr.Fairbairn at the Saltaire Mills, in forming the arches which 
support the fioors. " This adaptation is a great improvement, 
inasmuch as it greatly diminishes the dead weight and strain 
upon the iron beams ; and the bricks themselves ha^dng been 
moulded to the proper curve, an even surface is obtained for 
the soflSt or under side of the arch. This work then simply 
required pointing, the plastering of the arches being entirely 
dispjensed with." .The use of these bricks precludes the dimi- 
nution of the depth of the ring of the arch from the springing 
towards the key or crown, as usually practised with the ordi- 
nary form of brick. 

It is the common practice to set the ends of thebeams resting 
on the side walls half an inch higher than that supported on the 
columns, and thus to compensate for the settlement of the 
masonry compared with the unyielding cast iron pillars. 

214. The drawings, figs, in, &c., represent the columns 
which have been employed in the warehouses lately erected 
at the new Marseilles Docks. The dimensions figured on the 
several drawings are in metres and millemetres, the values of 
which are given in English measures in a Table alongside ; 
the details in this example are taken from a paper by Mr. 
Thomas Hawthorn, in the "Minutes of Proceedings of the 
Institution of Civil Engineers," vol. xxiv. It is stated by the 
author that the designs have been completed from a careful 
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study of the best and most recent examples in England, 
adapted to the commerce of Marseilles. 

The pillar, it will be seen from the general elevation and 
section, consists of a central hollow circular shaft, with four 
vertical ribs or fins projecting externally from it, and these 
again stiffened at intervals by horizontal gussets, which fill in 
the four right angles between the vertical ribs ; at each end 
the pillar has an octagonal disc, and both are united to the 
vertical ribs, which are curved outwards so as to give a fuller 
area for the bearings above and below ; these octagonal discs 
are further strengthened by four bracket pieces, applied ver- 
tically at the middle point of the angles between the several 
ribs, and projecting sdso to the outer edge of the disc. The 
total sectional area of metal in the lowermost pillars is about 
47 square inches; and in the two upper stories, which are 
of the same dimensions, 25 square inches. This quantity, if 
put into the form of a hollow cylindrical pillar, whose exter- 
nal diameter circumscribed the outer points of the vertical 
ribs at the middle of the height, would give a thickness of 
i^th inch for the lowermost, and yfths of an inch for the two 
upper stories ; the dimensions of those supporting the inter- 
mediate floors lying between these extremes ; the proportion 
of the diameters to the lengths ranging from one-eleventh to 
one-fifteenth. The columns are at a distance of 4.75 metres 
apart from each other throughout the whole building in both 
directions. One column simply rests on the top of the other, 
the two ends being turned in the lathe ; while the girders rest 
on the lower flange of the upper column, being tied together 
by bolts passing through the column ; what has been named < 
hitherto the connecting piece is in this design cast in one 
with the upper pillar, instead of the lower. The columns 
were all cast vertically ; they are 4 metres in height, and were 
tested to support a vertical load of 8 kilograms per mille- 
metre square, which is equal to ji tons per square inch. The 
total number of pillars used in the construction of these ware- 
houses was 1520, and their weight 1616 tons. 

The girders are of double T-iron, rolled in one piece, 0.5 
metre deep, and 4.53 metres long. The vaulting or segmen- 
tal arches between the girders are built of hollow bricks, 6 in. 
deep, the spandril spaces being fiUed-in with cement, and 
made perfectly level on the upper surface, on which a layer 
of asphalte, half an inch in thickness, is laid for the floor sur- 
face. 
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The floors are constructed to carry 2 tons per square 
metre, or about 416 lbs. per square foot; but from the care 
taken in the selection of the materials and in the construction, 
they would probably carry much more with safety. The 
weight above named would give 45 tons on each floor for each 
pillar. The comparison of the column shown in this example 
with one of a cylindrical form involves many points of con- 
trast, such as the greater risk of obtaining sound castings in 
so comparatively complicated a form, and having so many re- 
entrant angles, from which the simpler form of the cylinder 
would seem to be exempt ; and, secondly, the relative ex- 
pense of making the patterns and moulding may deserve 
mention. It also remains to be proved experimentally, on a 
large scale, that the distribution of the metal in this form 
gives a higher ultimate resistance than when the more usual 
cylindrical pillar is employed. 

Mr. E. Hodgkinsons experiments, which have been 
given in Table § 148, No. 5, woClld seem to militate against 
any such forms of column ; but no experiments on a large 
scale have been published on this identical description of pil- 
lar. 

21;. Such is the rapidity and economy with which goods 
can now be elevated and lowered by hydraulic hoists or steam 
machinery in warehouses, that no objection can be raised 
against the design of a structure such as this on the ground of 
being too high. But there is another point, and a very im- 
portant one, viz., that when warehouses are carried up to a 
great height, so much more strength is required in all parts 
sustaining vertical load, that the economy of that plan of build- 
ing them is doubtful, unless the ground space was extremely 
limited. The dimensions of this block of buildings were 
1200 feet in length by 123 wide and 11 7. 15 feet high, so that 
the horizontal area covered in is 147,600 square feet, and the 
cubical content 1 7,29 1 ,000 cubic feet. The total cost, includ- 
ing the hydraulic hoists, &c., amounted to £500,000, which 
gives £3.32 per square foot, and 6.94 pence per cubic foot. 
The thickness of the outer walls, which are of limestone, is at 
the vaults 4. 1 03 feet; at the ground floor, 3.544 feet; and, gra- 
dually diminishing at each story, is i .903 feet at the sixth story. 

216. The annexed woodcut represents a cross section of 
a pillar, that may often be observed in our dock warehouses, 
when they have to support only a single floor. The circle 
shows the horizontal strengthening plate, which is inserted at 
two or three points in the height of the pillar, to stiffen the 

2 F 
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vertical ribs and keep them \f ell in place ; the upper and lower 
flanges at the base and head of the column are sometimes of 
the same form^ the necessary screw bolts . 
passing through holes cast in the qua- 
drantal spaces ; or,if intended forcarrying 
timber girders, they are given at the 
head a rectangular form, having the same 
breadth as the intended beam and a lencrth 
sufficient to support its scarf or halving; 
vertical cheeks are also cast on each side, 
to give lateral security; the base also 
may be of a square form, or such as is best adapted to the 
particular support employed. The diameter of the pillar is 
generally made somewhat greater at the base, increasing gra- 
dually from the neck at the head, downwards. Doubtless the 
designers of this form of column are aware of the very small 
efficiency of the metal about the axis to resist fracture by 
flexure, compared with the same when in the form of a hollow 
cylinder; it may, however, be recommended by some facility 
in casting and moulding, as no core is required, and the greater 
readiness with which the surface may be examined for flaws 
and imperfections in casting; it may also be useful from the 
facility with which brackets may be attached by screw bolts at 
any part. At railway stations this section has been applied 
to the supports of the roof of carriage sheds, and it is conve- 
nient, as horizontal quartering of timber, to support the vertical 
sheeting boards at the sides, may be so firmly and easily affixed 
to pillars of this form. 

217. The Erith Iron Works of Messrs. Eastons, Amos, 
and Anderson, are situated near the town of that name, on the 
south bank of the Thames, and stand upon an area of 1 3 acres ; 
they communicate on one side with the North Kent Railway 
by ^ private branch, and with the river by a staging, alongside 
which the largest lighters can be moored ; and it may be men- 
tioned, as showing the extent to which facilities in manufac- 
turing are carried at the present day, that this firm intend to 
communicate by railway with their old-established works, "The 
Grove," South wark, a siding being laid out into that establish- 
ment ; and a private telegraph, the wire being carried along the 
lines of railway, completes the intercommunication between 
the two establishments. The proprietors, being in possession 
of the ample area we have mentioned, adopted a design for 
the workshops which fulfils very well every requirement for 
manufacturing the largest and heaviest description of work. 
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However necessary it may be in densely populated districts to 
erect lofty buildings, many stories in height, with massive 
walls, so as to economize valuable ground space, in this locality 
it was obviously most consistent with the two objects of rapia 
and cheap construction and of future economy in working, to 
erect a series of pillar-supported sheds immediately contiguous 
and parallel to each other, but at the same time independent, 
and capable of being extended as future requirements would 
dictate, either by lengthening those already commenced, or by 
adding laterally to the number already constructed. 

218. In Plate XL, (ig. 1 16, is shown a transverse section 
of two of these sheds ; and in figs. 117, 118, drawings repre- 
senting in elevation and side view the arrangement of the 
pillar supports on a larger scale. The remaining figures show 
the details of the pillar in part sections, elevations, and plans, 
at one inch to a foot. 

The span of the roofs of the several sheds is 42 feet, cen- 
tres, which gives sufficient width either for the casting house 
of the foundry, the boiler shed, or for making bridge girders, 
and the placing and working of large tools. 

The supporting columns are, it will be perceived, in two 
stories, the lower being a twin or duplicate column, joined at 
the base plate and at the head, so as to form one casting, and 
the upper a single column, the base of which rests on the centre 
of the cross head of the lower or twin column, to the flange of 
which it is firmly bolted. 

The transverse distance of the several lines of pillars is, 
of course, the same as that of the span of the roof, namely, 
42 feet, centres ; and the longitudinal distance of the several 
columns in each range is 10 feet, centres, at which distance, 
consequently, the principals of the roof are placed ; and it has 
been* so designed as to avoid the need of having intermediate 
principals; small timber purlins, 2 inches by 3 inches deep and 
1 2 inches apart, centres, supporting the roof covering. 

219. The base plate of the twin column, fig. 1 19, is a rect- 
angular plate, 3 feet 6 inches by i foot and i inch thick, cast 
in one with the pillars, which are externally octagonal in form, 
8 inches from face to face, and having the internal diameter 
7 inches ; they are further united at the base by an intermediate 
vertical web | inch thick, having an upper flange 4 inches wide 
and } inch thick, which not only imites the pillars, but also 
forms the base into a strong beam 8 inches deep ; an elongated 
bolt hole, 3 inches by 2 in. is cast in the centre, and the ver- 
tical web and upper flange enlarged to admit of this opening. 
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The base plate rests on a mass of brickwork, 4 feet by 2 feet, 
and about 2 feet 6 inched deep, which is built on a foundation 
of concrete of variable depth, the ground being, as might be 
expected from its alluvial character, very irregular in its 
powers of carrying weight. A single holding-down bolt, pass- 
ing through the opening in the web, secures the base plate, its 
diameter being i^ inch, and length about 3 feet 6 inches, fas- 
tened below to a cast iron ''footlock" plate, built into the 
brick foundations, a washer and nut tightening it up above ; 
the oval form of the bolt hole admits of a slight adjustment of 
the base when placing it on the upper bed of the brickwork. 
The base of the columns is placed 1 2 inches below the surface 
of the floors, in order to allow the rain water branches to be 
led into the drains without appearing above the floors^ fdid 
without having recourse to the objectionable practice of bring- 
ing bends in through the brickwork underneath the columns. 
The rain water of the roof is passed down through one only of 
the twin columns, the other being blocked up with a piece of 
timber at the upper end of the internal hollow;: the lateral 
opening in the lower end of the other, 5 inches in diameter, with 
its socket, is shown in the drawing. In the vertical section 
fig. 120, the hollow of the bottom of this column is shown 
filled in with a flanged disc secured by a rust joint, to obviate 
any injui^y from leakage into the foundation. At the respec- 
tive heights, as figured in the drawing, connecting shelves are 
placed between the pair of columns, and in one casting with 
them ; they are Used to carry the countershafts and the long 
shafting. Their dimensions are fully marked on the detail 
drawings. The upper shelf is provided with lugs and bolt holes 
to secure the pedestals in which' the shafting work&, the sec- 
tion of the shaft being drawn in place. 

The head of the twin pillars also forms a connecting shelf, 
having an upper flange, 3 feet 6 inches by i foot, and i inch 
thick; it id of a hollow, trough-like form, 9 inches in depth, 
acting as a beam to support the central pillar carrying the roof, 
and conveying the rain w^ter from the central single pillar to 
the twin pillar left open for its discharge. 

The upper column is ialso octagonal in its external form, 
6 inches from one face to the opposite, and internally a hollow 
cylinder, 5 inches in diameter ; -its base plate has an area of 
I foot by 14 inches, and i inch thick, strengthened in its con- 
nexion -to the pillar by gussets, and firmly held to the upper 
flange by four screw bolts, i inch in diameter ; the pillar rests 
upon a bed of timber J inch thick, which obviates the expense 
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of planing the surfaces of metal ; and in the vertical seotioni 
fig. 1 26, it is shown that the column is carried down below the 
under surface of its flange for a depth of i inch, effectually 
obviating any leakage of the rain watei;, which is thus led past 
the upper sui.'face of the head of the twin columns, and in 
superimposed columns this practice is now always adopted. 
Even with a rust joint, when a simple flange is used without 
the short pipe above described, injurious leakage is found to 
take place. The head of the upper pillar is formed by a 
flange, r foot 8 inches by lo inches, strengthened by gussets, 
7 inches by 9, and finch thick ; raised edges, | in. by | in,, are 
cast on each of the longer sides of the upper surface, intended 
to secure laterally the cast iron shoes to .which the roof prin* 
cipals are attached ; these are secured vertieaUy by two hook- 
head bolts to each, f inch square ; the flange and the raised 
edge are carried externally around the four openings left in the 
casting for the hook- headed screw bolts. The vertical section, 
fig. 129, shows the shoes and paxt of the principals in their 
relative position in side elevation, and also represents in sec- 
tion the method of conveying the rain water from the roof. A 
cast iron trough is placed with its two transverse upper edges 
on the level of the valleys, and the others overlapped by the 
roof covering ; a circular opening 3f inches diameter is lei't in 
the V-shaped bottom, and a pipe of the same internal diameter, 
having flanges adapted to fit the shape of the outside of the 
bottom of the well, ' to which it is fastened by ^ inch screw 
bolts ; this pipe enters the internal hollow of the upper column 
for a depth of i^ inch ; the tcough rests upon and is fastened 
to the principals on each side. 

The roof is compound in structure: a rafter, 3 inches wide 
by 6 deep, has on each side a plate of wrought iron, 4 inches 
deep by f inches; the inclined tie barsj one on each side of the 
rafter^ are 2 inches by ^ inch, having circular ends, 4 inches in 
diameter with eyes adapted for a pin, ij inch diameter, which 
passes through all, secured with a head on one end, and a 
cotter, J^ inch by | inch on. the other. The tie bar takes the 
outward horizontal thrust of the principal, so that a vertical 
pressure alone acts upon the shoe. 

Angle brackets are cast upon the longitudinal faces of the 
upper pillars, of the dimensions shown in figs. 126, 128, and their 
respective end views, 1 26 a and 128 a. Quarterings of timber 
are bolted 10 the brackets, and stretch horizontally from one 
pillar to the other; and corrugated iron sheeting, being screwed 
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to the timber in the vertical plane, forms a complete screen 
between each shed. 

220. Returning again to the level of the flange of the head 
of the twin columns, we have on each end the bearings of the 
longitudinal cast iron beams, which are shown in elevation in 
fig. 1 17, at A, A, and at i inch to a foot in fig. 130, and in 
transverse section in fig. 1 25. 

The total length of each beam is 10 feet, and the clear span 
9 feet, the depth at the centre being i foot 3 inches, and at 
the end i foot 2 inches, the upper flange being perfectly level ; 
the increase of depth is due to an increase in the thickness of 
the lower flange. As in the case of the upper pillars, and 
with the same object, the beams rest on a ^ inch bed of tim- 
ber ; the end of each beam is secured to the upper flange of 
the pillar head by i inch screw bolts, oval holes being left in 
the pillar head and in the lower flange of the beam, i J by 
I inch, those in the beam being at right angles with the holes 
in the pillar head. The upper and lower flanges project be- 
yond the vertical web, in order to allow a close fit to be worked 
on them when in place, as shown in fig. 130; the web is 
stifiened by gussets between the flanges, one on each side at 
both ends, and bolt holes are left on the inner gussets, by 
which the girders are secured longitudinally, so that they form 
a continuous tie from end to end of each range of columns. 
Their proper duty is, however, to form a rail, on which a 20-ton 
travelling crane works, and for this purpose the upper and lower 
flanges are formed as shown in the transverse section. The 
chief advantage of the system of twin columns is, that they 
can thus be made to receive the weight from the wheels of the 
crane fairly in the direction of the centre line of each pillar. 
This has commonly been done in workshops by casting brac- 
kets on massive circular columns placed in a single line ; but 
such an arrangement throws a cross strain on the column, and 
is wanting in security, partly on that account, and partly also 
from the bracket breaking ofi*. The octagonal form is ex- 
tremely convenient for attaching miscellaneous small brackets, 
pedestals, &c., that are invariably required where machinery 
is used and where there are no walls or roof timbers to carry 
counter shafts. 

221. So completely do the twin pillars supply the needful 
lateral stifiness, that they have been used as a staging to sup- 
port the travelling crane outside the roofed-in part of the 
boiler shed down to the water's edge; 8 cast iron cylinders, 
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3' 6" in diameter, being sunk down to solid ground in the 
waterway in continuation of the lines of the pillars ; wrought 
iron girders, of span sufficient to admit of a lighter, passing 
underneath, between the cylinders and the wharf. By this 
arrangement a massive piece of finished work may be taken 
up at the furthest end of the shed, and let down into a lighter, 
so that it is afloat on the river in a few minutes. 

Towards the river the ground gets very soft ; and, instead 
of isolated blocks of brickwork, a trench, 6 feet wide, and 4 feet 
deep, has been filled with concrete, in a continuous mass, on 
which the brick blocks under the twin columns are set. 

The only alteration in the castings of the twin columns 
was in those of the four corner columns of the tower in the 
boiler shed, and these are held down by two bolts, each passing 
through snugs outside the pillars ; wider and deeper founda- 
tions are also provided for them. 

The advantages of twin columns in workshops have been 
secured, when not in one casting, by bolting them to a common 
base plate and common upper piece, proper flanges, &c., being 
provided on the columns ; and this will be necessary when the 
height much exceeds that of the pillars in this example. 

222. The woodcut on the left hand represents the hori- 
zontal section of the form of cast iron pillar adopted in support- 

^ ing the roofs of the building slips in the Royal Dock 
yards. The longest line in the engraving — that is, in 
the line A B — ^is in the transverse plane, at right an- 
gles to the length of the building slip, and therefore 
in the direction of the outward thrust of the roof. 
This form of pillar, though ill adapted to resist flexure 
in the direction of its breadth, is suitable to its pecu- 
liar duty, having only to sustain the weight of a light 
roof, the unbalanced outward thrust of which (if any) 
it must receive in the direction A B, in which it has 
the greatest power of resistance. This form is also 
useful as giving facility in attaching brackets or shelf pieces 
for gangways, frames for boarding, or sashes, &c. The dia- 
gram, transverse section, fig. 131, shows the overhanging por- 
tion of the roof, the weight of which, resolved in the horizontal, 
tends to balance that of the main span. A pillar of very 
similar section has been employed at the workshops erected 
parallel to the graving docks in the port of Dublin. 

223. Under circumstances in which, from their intended 
duty, cast iron pillars may not have any very great vertical 
load to sustain, and yet require to be of great height and great 
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diameter, to resist the contingency of a lateral force applied 
at the head, we find that in such applications the pillar is 
commonly cast in several lengths, with internal flanges and 
bolt holes. 

The Exhibition Building in London, for 1862, contained 
remarkable examples of such pillars of cast iron, in the ver- 
tical supports of the inner line of the ribs of the great domes. 
These colunms are 100 feet high, ^ind 2 feet diameter, perfectly 
uniform and cylindrical, cast in four lengths of 25 feet each, 
with interior flanges and bolt holes, the connecting surfaces 
being truly faced — fig. 132. These several lengths were suc- 
cessively elevated into position ; and a man was let down the 
interior of the column with a light, who screwed up the bolts 
of the successive joints. These columns were clustered to- 
gether at difierent points in the circle, and joined laterally 
by distance pieces and bolts,' so that each assemblage acted 
together, and gave mutual support in resisting incipient 
flexure. 

If we suppose the metal to have been 2 inches in thick- 
ness, we shall then have the ultimate strength of each of these 
pillars, supposing it to have acted as a single casting, 

24^* - 2o'-* 67723 - ssTjy ^ . ^ 

42.35 X — — =42.35 ^ ^ J3/// ^ 5-5 IjQjjg. 

^3 ,031.63 *♦ :>:> 2062.9 ^ 

this being on the supposition that the joints and flangQ^s are as 
strong as the solid metal would have been if it were practica- 
ble to have cast such a column in one length. But under an 
extreme vertical load we should most probably have the inci- 
pient deflection concentrated albout the joints, and some of the 
bolt holes on' the side in tension give way before the calcu- 
lated load had been brought on the pillar. 

"The pillars supporting one side of the great roof at the 
Joint Station at Birmingham are 35 feet in height, and 2 feet 
in diameter, with a thickness of one inch ; they are cast in 
two pieces, with a base plate in addition ; these pieces are 
connected together by screw bolts through internal flanges on 
the ends of the pieces, all of which were accurately faced in 
a lathe, and slightly grooved. The columns weigh about 5 J 
tons each, and serve as pipes to convey away the rain water ; 
they are fixed on solid concrete foundations, but are not bolted 
down. Upon the planed surface of a bearing plate, fitting on 
the top of each column, is placed a frame of wrought iron 
rollers, upon which the fdot of the truss rests, the rollers being 
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intended to admit of the contraction and expansion of the 
metal in the truss, caused by the rariations of tempera- 
ture." (''Minutes of Proceedings of Institute of Civil Engi- 
neers," vol. xiv., p. 253, &c., by Joseph Phillips.) 

224. The application of wrought iron beams in fire-proof 
floors in lieu of cast iron has been well exemplified in the fine 
building recently erected by Mr. F»rbaim, in Dublin, as a 
sugar refinery, for Messrs. Bewley, Moss,andCo. "Thisbuild- 
ing is probably one of the most important yet constructed 
with brick arches in wrought iron beams ; and it may well be 
referred to as an example of what may be done by the intro* 
duction of a material free from flaws, and much lighter than 
cast iron. The weight which these floors and beams have to 
sustain, when loaded with moist sugar, has been calculated at 
400 lbs. on the square foot, and the breaking weight of the 
beams is computed at io6 tons, uniformly distributed. 

"It will be observed that the building is about 150 feet 
long, and j;8feet wide (figs. 133, 134, 135), with only one line of 
columns down the centre of the main building, and three lines 
in the lower floor of the cistern house. Through the head of 
each column (figs. 106, 107, &c., Plate X.) a tie rod, i inch 
square in section, extends from one gable to the other, and is 
built into the arch. Transversely with the tie rods are four 
bolts, which secure the ends of the beam to the columns. To 
the top flanges of the beams are riveted 6 flat tie rods, 2^ 
inches by f of an inch, one built into the walls at each side, 
and the others equally divided between them and the centre 
of the building ; these are to retain the beams straight in their 
places until the arches are turned from one end of the building 
to the other. From this it will be observed, that the tie rods 
unite the arched floors and the walls on each side, forming an 
excellent bond, giving tenacity and unity to the structure en 
masse, 

'' During the time of building or turning the arches, it is, 
however, necessary to be careful that, before the centres are 
struck, the thrust of the arch does not force the beams out of 
line by lateral pressure, as any undue force in that direction 
would prove highly injurious, and seriously impair the strength 
of the beams. It is necessary to be very cautious in this re- 
spect, as wrought iron beams, being more flexible than cast 
iron, are liable to yield by lateral pressure." ("Application 
of Iron," &c., 3rd edition, p. t66.) 

The pillars in the main building have the several thick- 
nesses figured, decreasing from i^ inch on the ground floor to 

2 G 
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f of an inch on the two upper lines. The roof covering has 
been formed by a east iron water tank ; the heights of the 
several stories and columns are given in figs. 133, 135. 

225. Many other interesting applications of cast iron in 
direct compression might be added; that important branch 
of the subject which includes the application of cast iron in 
lien of piers of masonry in wrought iron girder bridges, and 
of timber piles in jetties and landing stages, will be explained 
and illustrated in the Examples, in Part II. The Tables 
of the values of rf'*' and /*•" will be given at the end of the 
volume. 



226. Malleable Zitm. — The ultimate resistance of Wrought Iron 
to a force of compression is equal to from 16 to 18 tons per 
square incliy and is proportional to the area of transverse 
section in action. 

Experimental Proofs. 

227. The experimental proofs are derived from the results 
published by Mr. Hodgkinson in 1840, and from his later re- 
searches in 1845, which, although directed to the construction 
of beams and bridges of wrought iron, have been given in the 
present Part. 

The peculiar characters of this material do not admit of 
the same precision in judging from external appearances, when 
crushing commences, as in the case of cast iron, in which there 
is an abrupt change in the metal by the complete disunion of 
the parts : a prism of the best soft wrought iron, on the con- 
trary, begins to be very slightly fiattened and enlarged in 
diameter with about 12 tons per square inch, but we never ob- 
serve the wedge-shaped fragments which break off suddenly 
from cast iron when its ultimate resistance has been overcome, 
as described in §§ 11 1 to 117. Nor do the peculiar applica- 
tions of wrought iron in practical construction give any high 
value to experiments on the crushing of short solid prisms or 
piUars of this material. It is chiefly used when in compres- 
sion, not for columns, to which cast iron is almost exclusively 
applied, but in the flanges of beams, in the form of rectan- 
gular cells, or circular or oval tubes and flanges constructed 
of rolled plates, united by riveting. The experiments, given 
below, which we do possess on short prisms, we owe to Mr. 
E. Hodgkinson, to which he was led in his endeavour to clear 
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up some of the difficulties he had met with in the results of 
his experiments on cast iron pillars, as mentioned in pages 
122, 123, &c., and not with a view to establishing rules for 
practical construction ; for it was not until some years subse- 
quently that the great development of the use of wrought iron . 
in construction, consequent on the extension of the railway 
system, took place, and which rendered necessaiy a more ex- 
tended inquiry into the properties of this material. 

228. Three small cylinders of the best Staffordshire 
wrought iron were carefully prepared. They were exactly 2^ 
inches long, and 0.62 inches in diameter, their ends beingturned 
flat and perpendicular to the axis ; having been subjected to 
compression with their ends well bedded, they were, after 
bearing certain considerable weights, tried by a gauge which 
had exactly fitted them before the commencement of the ex* 
periment. The results are given in the.foUowing Table. 

229. Table, showing the Effect of great Compression upon 
short Cylinders of Wrought Iron^ and the Ultimate Resist- 
ance per square inch. Length 2^ inches^ diameter 0.62, 
ends flat. 



Number 


Weights, 


Weight 


Reduction 




of 


laid on, 


per 


in 


Remarks. 


Experiments. 


in lbs. 


Square Inch. 


Length. 








lbs. tons. 


Inch. 




I 


6222 


20610 = 9.2 


0.0? 


( No alteration ; or, if any, 
( extremely small. 


I 


734» 


24319 = 10.9 


0.015 


1 Diameter sensibly in- 


I 


8462 


28028 = 12.5 


0.02 


< creased, cylinder not 

( bent 

i Diameter sensibly in- 


2 


12444 


41218 = 18.4 

• 


0. 04 


< creased, from 0.62 to 
( 0. 63 inch, slightly bent. 


3 


18667 


61830 = 27.6 


0. j6 


f Bent a little, diameter in- 
( creased to o. 65 inch. 



230. We see from the above Table that 9.2 tons per square 
inch on the cylinder, 0.62 inch in diameter, produced no sensi- 
ble change in it; but that 10.9 and 12^ tons per square inch, 
particularly the latter, produced very obvious changes. The 
experiments bring out very clearly the wide difference in the 
character of cast and wrought iron under great compression. 
Instead of that sudden splintering up into fragments of a 
wedge-like form, without any previous warning or any per- 
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ceptible change of external form, as was exhibited in the short 
specimens of cast iron, we find wrought iron, from its great 
tenacity and ductility, showing signs of a decided alteration 
in the dimension of the cylinder, which would continue to sink 
• down to any degree under the increased application of weight. 
The further study of the compression of wrought iron, as 
applied to beams, in Part II., will also show that this material 
can be used in forms, such as hollow cylinders and rectangular 
hollow cells or tubes, which enable it, although never resist- 
ing beyond the values assigned above, to oppose compression 
far more efficiently than as a solid pillar. 

The following experiments will enable us to determine the 
laws of the strength of solid wrought iron pillars as depending 
on tlieir dimensions Although the range of the relations of 
length to diameter may not be as wide as in those of cast 
iron already given, yet the analogies with those derived from 
the results on cast iron may, with the Table, in some measure 
meet the wants of practice. 

231. Tabl^^ skowinff the Ultimate Strevigth of Solid Uniform 
Cylinders of Wrought Iron to a Force of Compression. 



I. 
II. 
III. 

IV. 

V. 

VI. 




Both ends rounded. 


One end round, one flat. 


Both ends flat 


Length. 


Diameter. 


Breaking 

Weight. 


Diameter. 


Breaking 
Weight. 


Diameter. 


Breaking 

Weight. 


Incbaa 
90} 

60^ 
30J 
30* 

I5i 
3oi 


Inches. 
1.017 

1.015 

1.015 

1015 

1.005 

0.52 


Lbs. 
1808 

3938 
15480 

15480 

23535 
1260 


Inches. 
1.02 

1.03 

1.015 

1.015 

1.005 


Lbs. 

3355 

8137 

21355 
21187* 

26227 


Inches. 
1.02 

1.02 

1.015 

1.015 

1.005 


Lbs. 
5280 

12990 

23371 

25387* 
27099 



232. The pillars in each horizontal line in the above Table 
are of equal length, and nearly of equal diameter, the only 
essential diflFerence being in the form of their ends. Taking 
the longer pillars in the two upper lines, the strengths of the 
different forms are nearly in the ratio one, two, three ; the 
middle one, which has one end flat, and the other rounded, 
beinof an arithmetical mean between the other two. 



* These had discs on tfae flat ends. 
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Thus the pillars pof inches long broke with the weights 



which are as 



1808 
I 



3355 
1.8556 



5280 
2.92 



In the shorter columns this ratio does not obtain ; but even 
with them the pillars having one end rounded, and the other 
flat, are, as to their ultimate strength, arithmetical means be- 
tween those of the other two forms, as in this Table. 





Mean from Strength of 

Pillars, both ends roanded, 

and both flat. 


Strength of Pniani, one 

end round, and the 

other flat. 


I. 


3544 


33SS 


II. 


8464 


8137 


III. 


19426 


*'3SJ 


IV. 


20434 


21187 


V. 


25317 


26227 



In the shorter pillars, in the last three horizontal lines, this 
ratio of one, two, three, does not obtain, they having been 
slightly crushed by the weight ; and it would appear that the 
difference of the strengths of the three forms of pillars be- 
comes less, according as the number of times which the length 
of the pillar exceeds the diameter decreases. But, whatever 
may be the ratio of the strengths of pillars with rounded ends 
to those with flat ones, the strength of those with one end 
rounded and one flat is nearly an arithmetical mean between 
them. 

233. To determine the inverse power of the length to 
which the strength is proportional, we may proceed m the 
same manner as in § 1 26, p. 89, where the power for cast iron 
pillars was deduced. 

Let n be the sought power to which these lengths must 
be raised to make them in the inverse ratio of the breaking 
weights, comparing the lines L and IV., ends rounded. 



or 



90.7s- I so..;: } ,5480 : ,808 
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or 



3" = 



15480 



8.562 



80 that 



or 



1808 
n X log 3 = log 8.562 

log 8.652 0.02258 
log 3 0.477^2 ^^^ 



consequently, from this single experiment, 

po,-yji.9M6 . 3o.25^'""« :: 15480 : 1808 

The following Table gives the average result of the value 
of n from pillars sufBciently long not to have been crushed 
with the breaking weight. 

Table, showing the Inverse Power of the Length in Wrought 

Iron Pillars. 



Lengths of which 
the Strengths are 
compared. 



Inches. 
90.75 
90.75 
90.75 



30-25 
60.50 

60.50 



Description of 
PUlar. 



Inverse Power of the 
Length. 



Bounded ends, 
Rounded ends, 
Flat ends, 



1.9546 
1.919P 
2.2203 



Mean 
2-0316 



whence it appears that the strength is in .wrought iron as 
the inverse square of the length nearly, difFenng in this 
respect from cast iron. 

234. In like manner, as regards the powers of the diame- 
ters, to which the breaking weights are directly proportional, 
comparing pillars of the same length, and with ends rounded, in 
lines VI. and III., § 231, we find that a pillar 0.52 inches in 
diameter had, from a mean of three experiments, its greatest 
resistance overcome by 1260 lbs.; and a pillrfr of the same 
length, and i .0 1 5 inches in diameter, also from a mean of three 
experiments,' sunk down under 15480 lbs. The ratio of the 
diameters will be more conveniently expressed as 

0.52 : 1.015 :: i : 1.9519 

so that, if we put m for the index, we have the direct ratio 

i*~ : 1.9519*^ :: 1260 : 15480 
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Hence m x log 1 .95 19 = lo g ^ = i .08940 

1 1.08040 

and m = ^-i— = o.7ro7Q 

0.29047 ^ 1^ '^ 

consequently, from this single experiment, 

0.52''"" : 1.015'-^* :: 1260 : 15480 

This index is very nearly the same as the mean value of 
that deduced for cast iron pillars with rounded ends, §1319 
pp. 107, 108; and § 133, p. 112. 

235. In the absence of more extended experiments on 
wrought iron pillars with flat ends, we may, therefore, with 
Mr. Hodgkinson, assume, from the almost complete identity 
of the index of the diameters when the ends are rounded, that 
by analogy, they would also be the same if the ends were flat. 
Thus, in solid wrought iron pillars, putting W for the break- 
ing weight — that is, the. weight which overcame the greatest 

resistance of the pillars, and under which they sank down 

we have 

W proportional to -r=^ 

when the ends are rounded ; and 

^proportional to -^* 

when both ends are flat. Consequently, in each of these cases, 
as in all other proportional quantities, there is some constant 
number, by which if the lesser be multiplied we shall have a 
result equal to the greater. To illustrate this, if in the case 
of the several pairs of numbers, 19 and 3.8, 36 and 7*2, 48 
and 96, which are proportional, we multiply the lesser ones 
by 5, we shall have them, respectively, equal to the greater. 
Tliis coefficient is found for all of them by dividing out any 
pair of the numbers by the lesser, and the ratio will stand 5 
to I . So also the numbers which represent 

W^ and the quantity -^ 

being in every case in the same ratio, we can obtain a constant 
multiplier; and therefore 

Breaking weight « Constant x — 
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This constant, from what has been said above, will evidently 
be the breaking weight of the unit colamn ; for when d and / 
are each eqoal to unity, their values, raised to the powers 3.5 
and 2, respectively, will still remain the same number. The 
practical use of this so found constant will be, that we can 
compute any one of the three quantities W the breaking 
weight, d the diameter, and / the length, when the other two 
are given. It is not necessary that d and / should have the 
same unit ; it is usual in practice to express the diameters in 
inches, and the lengths in feet, so that the unit column is that 
which has a diameter of one inch, and a length of one foot. 

236. The first step in the computation of this constant is 
to calculate from some experiment in which we have a pillar 
of a known diameter, as, suppose, 0.52 inches, and breaking 
weight Wy that of another, which call fTi, one inch in dia- 
meter, each having the same length. 

The second step will be from the ultimate resistance fTi, 
of this pillar, one inch in diameter, to calculate that of another, 
having also a diameter of one inch, and a length of one foot, 
by an inverse proportion; and this so computed breaking 
weight will be the constant sought. 

Thus, with a round-ended pillar, 1.017 inches in diameter, 
and 9of inches long, that is, 7.5625 feet, 

1.017*" : !*•" ::\ 00' J^ 
' J or 1808 : 1634 

and again the strength of the pillar one inch in diameter, and 
7.5625 feet long, will be to that of a pillar of the same dii^ 
meter, and one foot long, in the inverse ratio of the squares of 
the lengths in feet : 

: 1634 : X 



7.5625' 1 
or, i : 57.886 :: 1634 : x = 94586 

From an average of pillars pof and 60^ inches long, with 
rounded ends, Mr. Hodgkinson deduces by the above method 
X « 95848 lbs., equal to 42.8 tons; and from those of the 
same lengths as above, and with flat ends, the average was 
X = 299617 lbs. = 133-75 tons — a result from this one pair of 
experiments three times greater than that deduced for cast 
iron pillars with flat ends. 

Mr. Hodgkinson states that, in order to compare the 
strengths of pillars of the same size in these two different 
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materials, he had computed the strength of a pillar of the 
same diameter and length in each body, taking results firom the 
longest pillars in order that they may not be partially crushed 
by the breaking weight, and found that, calling the strength 
of cast iron looo, we have for the relative strength of wrought 

iron 1745. 

It is by means of this latter ratio that the requisite dimen- 
sions of solid wrought iron pillars are determined, when it is 
found advantageous to make use of this material in preference 
to cast iron. The average of the greatest resistances of the 
cast and wrought iron pillars in the first four lines of the 
Table, § 239, page 234, is for cast iron 1.87J tons, and for 
wrought iron 3.259 tons, which are in the ratio above 
given. 

237. The following statement is a summary of the several 
propositions which have now been proved experimentally as 
to the greatest resistance to compression of short specimens of 
cast and wrought iron, and also of their ultimate resistance 
to tension. 

Tension. Compression. 

Cast Iron, about 7 tons per square inch. About 42 tons. 
Wrought Iron, 20 to 25 „ About 16 to 18 tons. 

The ratio in the upper line being about one to six, and in 
the lower nearly that of equality. 

We also see that, although wrought iron is nearly three 
times stronger than cast iron under direct tension (and with 
this application offeree, the ratio of the length to the diame- 
ter of the specimen is immaterial), yet that under direct com- 
pression the relation between them is reversed, cast iron being 
nearly three times the stronger of the two metals, when short 
specimens are used. 

238. As the length of the experimental pillars is gradually 
increased, we find, however, that the resisting power of 
the wrought iron comes up to, and eventually overtakes that 
of the cast iron. 

The following Table will enable us to compare at a glance 
the relative ultimate power of resistance of each material at 
different ratios of diameter to height. The diameters of each 
of the specimens was so nearly one inch, that it has in all of 
them been assumed to be that exact quantity. Each result 
stated has been taken from some of the Tables given else- 
where in this work. 

2h 
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239. Table, showing the relative Ultimate Strength^ or Great- 
est Resistance, of Cast and Wrought Iron Solid Cylindrical 
Pillars^ all one inch in diameter^ ends flat 



o ^ 
•o 3 

Si 



Lengths. 



g 



t 

S 

& 



4> 






s 



I 



Inches. 
120 

90 

75 

30J 

20.17 

'5* 
74 

*J 



Ultimate Resistance of 



Cast 

Iron. 



Tom. 
0.994 

1.644 

2.074 



Wrought 
Iron. 



Tons. 
1.489 

2-357 
3-394 



Ratios. 



Cast 
Iron. 



Wrought 
Iron. 



2.781 


5-799 


9.067 


10.433 


14.198 


9.90 


17.969 


12.07 


20.107 


12.60 


33.00 


14.14 


33-00 


14.14 



100 
100 
100 
100 
100 
100 

100 
100 
100 

100 
100 



strength per sq. inch. 



Cast Iron. 



Wrought 
Iron. 



'50 
140 
160 
208 

"5 
100 

70 

67 
62 

43 

43 



1-3 
2.1 

2.6 

3.6 

"•5 

18.1 
22.9 

25.7 

42.0 
42.0 



1.9 
2.9 

4.3 

7-1 
12.9 

12.7 

'5-4 
16.0 

18.0 
18.0 



240. The columii of lengths in the above Table gives also 
the ratio of the length to the diameter, since the latter was in 
each case one inch. The columns of the Katios of the strength 
in the two metals plainly indicate that at about 30 to i — 
namely, the height at which commences the yielding of pillars 
by flexure only — both pillars have equal resisting powers ; 
above this point the ratio is in favour of the wrought iron, 
and below it rapidly reversed. 

241. The point in the Table at which the change in favour 
of wrought iron takes place helps us to an explanation ; in fact, 
the high tensile resistance of this material, compared with cast 
iron, is then brought into eflectual action in resisting flexure. 
Now, in solid circular pillars of wrought iron the line divid- 
ing the part of the transverse area in tension from that 
in compression cannot be far removed from the diameter, 
on account of its nearly equal resistance to these two forces, 
while in cast iron, from its great inequality in resisting 
each of these same forces, the line of separation must be nearly 
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at about the distance of half the radius from the diameter — 
vide § 138, p. 120— and therefore the area of the part under 
tension considerably greater than in the wrought iron pillar 
of the same diameter, yet this cannot compensate for its 
comparative weakness, haying, as we have seen, only one- 
third of the tensile resistance of wrought iron ; and, again, 
the distance of the centres of tension and compression in a 
wrought iron pillar will (within the limits of the Table) 
be greater than the interval between the same points in a 
cast iron pillar; so that, in both points of view, a long 
flexible wrought iron pillar (up to about 15 feet) is stronger 
than one of cast iron of the same dimensions; what is named 
the centre of tension being the point in the tension area in 
which if all the resistances were accumulated, the result would 
be unaltered ; and so of the centre of compression ; the distance 
between these two points will evidently be the leverage by 
which the pillars resist the action of the load causing flexure. 

The price of wrought iron is higher relatively to that 
of cast iron, than the numbers above given representing their 
respective strengths, so that no advantage in this respect can 
be claimed for the former. Other considerations than mere 
economy will determine the adoption of it in preference to 
cast iron in constructing pillars. 

242. The subject of the laws of the greatest resistance of 
* wrought iron to a direct force of compression received no 
further attention for several years, until about the year 1845, 
when the necessity of determining in detail the dimensions 
of the tubular girders of this material, intended to span 
the Conway River and the Menai Straits, became urgent. 
Model tubes of various forms in transverse section, as circular, 
elliptical, and rectangular, and of different spans from 17 to 
34 feet, had been constructed of wrought iron plates riveted 
together, and loaded at the centre until they had been broken ; 
but the results were by no means satisfactory or assuring ; for 
that part of the beam which was under compression — namely, 
the top — yielded far under its known power of resistance by a 
new and peculiar mode of failure, variously described as un- 
dulation, buckling, crumpling, wrinkling, &c. In the words 
of Mr. E. Clark — "No one knew d priori the resistance of 
plates of wrought iron to buckling, which was a new fact 
altogether, and one not involved in any of the formulae for 
beams hitherto employed. It, indeed, annihilated at once 
their practical utility ; and, prominent as it became in sub- 
sequent experiments, it for a time threatened even to frus* 
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trate the consammation of the deigns for crosung the great 
openings already meationed on the line to Holjhead." 

243. The wood engraving, which is an elevation of a 
portioa of one of the rectangular tubea, at a acale of half an 
inch to a foot, with the transverse section on the righuhand 



Bide, represents the corrugation or undulation that took place 
in the top in one of the earlier expetimeDts, and by which it 
ftuled. Though the undulations were not identical in every 
cask, this drawing gives a good idea of what took place in 
other tubes. Some of them, indeed, failed by tension, tearing 
asunder from the bottom at a line of rivets; but this was 
easily met by an improved method of uniting the several 
plates, which were joined by a cover plate and double line of 
rivets, instead of a mere overlap joint, having a single line of 
rivets, as at the first. The vertical line joining the points . 
A and B indicates the centre of the span, and the dotted 
lines show the bolts, with out and washer, by means of which 
the successive weights were applied to the tube. The clear 
span of this beam was 17 feet 6 inches, the depth 18^ inches, 
and the breadth 9^, with a thickness of about 0.21 inch, 
giving an area of i .94 square inches in the top plate, which 
was the part that yielded to the compressive ibrce in the 
manner represented. The rectangular form of the transverse 
section of this tube is shown in the second engraving, which 
is a vertical section through the centre. The fio^ deflec- 
tion of the beam at the centre was 0.93 inch, with the last 
applied weight of 3.04 tons. From simple computations, 
which we will not here anticipate, as they properly belong to 
Part II. of this work, it would appear that the compression 
per square inch which caused this undulation in the top 
plate was not more than the fourth part of the ultimate 
resistance of that area to a crushing force. 

244. Thb crumpling up of wrought iron plates is but a 
modilication of the phenomena of failure by compression, and 
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one that can oidy occur with a ductile and tenacious material, 
which does not separate into fragments, or suddenly break 
across, as cast iron is observed to do. From a careful exa- 
mination of the engraving, it would seem that the crumpled 
part of the top plate may be considered to have acted as a pillar 
perfectly and rigidly confined at each end ; but which, through 
some incidental comparative weakness either of the plate itself, 
or in the riveting by which it is attached to the sides, or from 
both causes coinciding together at the same place, as may 
possibly occur, is permitted to act as a column of the same 
material would do if unsupported laterally throughout its 
height. The length of the corrugated part would seem to be 
about 1 8 inches ; and, as the thickness is under ^ inch, the 
ratio of the length to the thickness is nearly 80 to i ; in the 
buckled portion of the top it must, therefore, be extremely 
flexible, and yield at a pressure per square inch small when 
compared with the ultimate resistance to crushing. The plates 
in lines IV. and VII., Table § 246, have .a ratio of length to 
thickness of about 80 to i, and they yielded by flexure with 
about 4^ tons per square inch. The remaining part of the top 
plate, if it continued without distortion, and was held truly 
in the line of the compressive force by its own strength and 
by its connexion with the other portions of the tube, would 
of course be capable of resisting crushing as a short speci- 
men, and up to the full power of about 16 or 18 tons per 
square inch. 

245. We can now perceive how well grounded was the 
anxiety which this unexpected and perplexing effect of com- 
pression on wrought iron caused to the engineer responsible 
for the proposed structures at Conway and the Mensd Straits. 
It was at this conjuncture that Mr. Eaton Hodgkinson, so 
justly esteemed as an experimenter, was called in ; and he, 
rightly judging that further information was required as to 
the resistance to compression of plates of w^rought iron 
thicker than those which had been employed in the first ex- 
periments on the model tubes, proceeded to institute a series 
of experiments on the resistance to a crushing force of plates 
of wrought iron of different length, breadtji, and thickness. 

The laws of solid pillars as already given, though an im- 
portant link in the complete investigation of the subject, are 
evidently not directly applicable to the circumstances under 
which the top of a tubular beam is destroyed by compres- 
sion. It yet remained to investigate the effiect of that 
strain on plates of various dimensions or thickness; and, lastly, 
the subject will become more intricate when the resistance 
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of these plates to crashing, as combined in the fonns of cells, 
whether circular or square, is considered. 

This much has, however, been already settled, § 229, 
namely, that wrought iron is literally crushed by a force of 
from 16 to 18 tons per square inch of area ; and under no 
circumstances can any pillar (whose length is greater than its 
diameter) carry a weight exceeding this, which is the major 
limit of resistance to compression. We shall find that we 
can nearly approach this limit in long plates and cells, when 
suitable proportions have been adopted, and that it is in fact 
the test of well-applied material in any experimental in- 
quiries on wrought iron beams. 

The following Table gives an abstract of the extended 
series of experiments, 40 in number, undertaken with the view 
of determining the law of the strength of plates of wrought 
iron, as depending on their dimensions. 

246. Table, showing the greatest Resistance of Plates or Bars 
of Wrought Iron to a Force of Compression ; ends turned 
flat, and perfectly bedded against the parallel surfaces between 
which they were compressed. 





Length. 


Dimensions. 


Area. 


Greatest 
Besistance. 


Pressore 
per sq. Inch. 


I. 

II. 

III. 

IV. 


Ft. In. 

10 

»» » 
»» »» 


InsL Ins. 

2.98 X .497 
3.01 X .766 

2.99 X .995 
3.00 X 1.5 1 


Sqr. Ina. 

= 1. 481 
= 2.306 
= 2.975 
= 4.53 


Tons. 

0-545 
3.48 

5.68 

20.56 


Tons. 
0.364 

1.508 
1. 91 1 

4.538 


V. 
VI. 

VII. 

VIIL 

IX. 


7 6 

>» »» 
11 »» 
»» »» 


1.024 X 1.025 

2.983 X .5023 

3.005 X .9955 

3.00 X 1.53 

5.86 X .995 


= I . 0496 • 

= 1.4983 
= 2.9915 

= 4-59 
= 5.8307 


4-56 
1.61 

13.22 

40.96 

24.16 


4.354 
1.076 

4-425 
8.923 

4-143 


X. 

XI. 

XII. 

XIII. 

XIV. 


5 
»» »» 


1.024 X 1.024 
2.98 X .507 
3.01 X .767 
3.0I X .995 
5.84 X .996 


= 1.0486 
= 1.5 1 1 
= 2.309 
= 2.995 
= 5.8166 


8.08 

3.78 

13.37 
24.16 

45.96 


7-709 
2.502 

5-79 
8.066 

7.901 


XV. 

XVI. 

XVII. 

XVIII. 


2 6 

» >» 
»l »> 
»» »> 


1.0235 X 1-0235 

2.9867 X .5026 

3.01 X .763 

3.00 X .996 


= I -0475 
= 1.5011 

= 2.297 

= 2.988 


11.84 

11.27 
28.48 
39-56 


11.307 

7-524 
12.396 

13.239 


XIX. 


I 3 


1.023 X 1-023 


= 1.0465 


16.14 


15.426 


XX. 


7J 


1.023 X 1.023 


= 1.0465 


22.74 


21.733 


XXI. 


3i 


1.023 X 1.023 


= 1.0465 


24.60 


23.549 
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247. The design of this series of experiments is very 
clear. As to the lengths of the plates from lines I. to 
XXI. they are as the numbers, 4, 3, 2, i, i, i, i- And 
as to the thickness, in the first four lines, which are of 
the same length, namely 10 feet, the width also being con- 
stant and in round numbers 3 inches, we have the third di- 
mension nearly as the numbers, i, i^, 2, 3. We can thus, 
from dimensions which are multiples and submultiples of 
each other, very readily ascertain the increase of strength 
due to the increase of thickness in long flexible plates under 
compression, the thickest of which, line IV., was to its length 
as 80 to I. 

So, also, with plates 7 ft. 6 in. long, if we select for com- 
parison lines VI. and VIII., which have the same breadth of 
3 inches, and the thicknesses, respectively, ^ inch and i| 
inch, we can obtain the index of the thickness to which the 
strength is proportional ; that is, the law of the increase of 
strength. 

248. Thus in lines VI. and VIII., if we put m for the 
unknown power of the thickness. 

We have (i)"*: (li)" 

Tons. Tons. 

or I*" : 3™ : : 1.61 : 40.96 

therefore, 3** = — ^ = 2 c. 441 

whence m log 3 = log 25.441 

, log 2C.441 i.4occ^ 

and m = ^ / ^^ = ^^^ =2.04C 

log 3 0.47712 "" ^ 

In like manner, by other comparisons, as from lines XI. 
and XIII., we obtain an average very nearly equal to 3 ; the 
longer plates giving a rather higher value for m than the 
shorter, as we should have expected from what has been al- 
ready stated in pages 120, 121 of cast iron pillars. Hence the 
strength of plates of wrought iron is proportional to the 
cube of the thickness; and thus a plate twice as thick as another 
of the same length and breadth is eight times as strong to re- 
sist failure by flexure. 

249. The dependence of the strength upon the length of 
the plates may also be deduced from the Table. Thus, com- 
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paring lines XIII. and III., in which the breadth and thick- 
ness are very nearly the same — that is, 3 inches by i inch, 
and the length 5 feet and 10 feet^ or one to two— we have the 
inverse proportion, 

Tons. Tons. 

I* : 2" : : 5.68 : 24.16 

therefore 2" «= — tt- = 4.2C3 c 

5.68 ^^^ 

whence n log 2 « log 4.2535 

, log 4«2Ci5 0.6287c 

and n = ^, ^^^ = ^ = 2.08 

log 2 0.30103 

250. An average from a number of comparisons worked 
out as above will give very nearly i .9, whence we may assume 
the index n to be equal to the second power ; and thus, if the 
breadth of plates be the same, and the length / and thickness t 
vary, we shall have W the weight of greatest resistance. 



If we compare lines V. and IX., and again X. and XIV., 
in which the thickness is nearly equal, we find that the break- 
ing weights are proportional to the breadths, proper correc- 
tions being made on account of the small difference in the 
respective thicknesses, which are 1.025 ^"^^ 0.995 inches 
Thus, finally, we deduce that plates used as pillars, and o . 
such dimensions that each fails by flexure, have their strengths 
represented by the expression, 

So that doubling the breadth of a plate simply doubles 
the strength, and doubling the length reduces the strength 
four times ; but doubling the thickness, as was said above, 
increases the strength eight times ; and if the thickness be in- 
creased only by the fourth part, the strength to resist destruc- 
tion by flexure is very nearly doubled ; for let x be the ad- 
ditional thickness, then i' : (1 + a;)» : : i : 2 and therefore 

I + jT = 5/2 = 1.26 and X = 0.26. 
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251. It also tesults from the same experiments that similar 
plates or pillars of wrought iron have their stren^hs propor- 
tional to the square of their lineal dimensions, the condition 
being observed that each is of such length in proportion to 
breadth and thickness, as to fail by flexure ; for if one pillar 
be, in all its lineal dimensions, r times greater than another, 
its strength will be r^ times as great on account of its increase 
of thickness, r times on account of its increased breadth, and 

less by -^ times on account of its increase of length. It will 
thus be 

—J- or r' times as strong. 

So that it would appear that the first circular and ellipti- 
cal experimental tubes, constructed of very thin plates, were 
too hastily condemned from the unexpected failures in the 
top by buckling : had similar tubes been constructed of larger 
dimensions, then the strength of the top to resist buckling 
would have been as the square of the lineal dimensions of in- 
crease. Indeed, the curvature in the transverse plane of the 
top of these tubes was favourable to their resistance to buck- 
ling — a flat plate in a rectangular tube would have yielded 
with less strain. 

252. As to the experiments given in line XX., the pres- 
sure per square inch has been set down as given in the Report, 
Appendix A A, p. i6i ; but Mr. E. Clark remarks, '^that 
the bar was practically crushed with about i6 tons per square 
inch, though it carried considerably more." In the Table, 
§ 239, it has, therefore, been given in the comparison with 
cast iron at that figure. There must always be a difficulty in 
deciding precisely on the point of greatest resistance in 
wrought iron pillars exposed to great compression, no sudden 
fracture indicating the exact weight by which its strength is 
overcome, as in cast iron under similar circumstances. It is 
for this reason, no doubt, that in the tabulated results of 
wrought iron the column which in cast iron is headed. Break- 
ing Weight, is with wrought iron headed. Weight of greatest 
Resistance. 

253. If we reduce the strength of the several plates in the 
ratio of the breadth to the thickness, we shall obtain the 
strength of a square pillar as deduced from that particular 

2i 
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plate ; and, comparing those of the same length and different 
tfaipkness, we obtain the power or index of the side of the 
square to whioh the strength is proportional. An average of 
these gives 3.59, very nearly identical with that given in 
page 231, § 235. 

If plates have a given weight or quantity of iron, and the 
length or height be also constant, then their strength to resist 
compression varies as the square of the thickness ; for, since 

h y. tv& constant, and therefore 6 ex — , which last, being sub- 

stituted in — , gives ^. 

These results as to the laws of resistance of plates have 
been obtained from such as were bearing not more than from 
1.076 tons to 8.923 tons per square incn of section. Up to 
about 9 tons per square inch we may conclude that the laws 
now given obtain ; above that crushing begins to take place, 
causing a deviation from these laws ; and the more so as the 
pressure increases, as will be evident in the experiments on 
rectangular tubes, pages 244 to 247. 

254. As an illustration of the advantage of thicker plates 
in resisting compression, though not as a proof of the law of 
increase of strength above given, the following experiment of 
Mr. E. Hodgkinson may be quoted : — 

A rectangular tube, 30 feet in clear span, depth 23.75 
inches, breadth 15.3 inches, and having a top plate 0.272 mch 
thick throughout, failed with a weight of 22.8 tons. A plate 
of 0.437 thick was now substituted for about 15 feet in the 
centre at the top; it now required a weight of 32.5 tons to 
overcome its resistance, and with this load it seems to have 
failed at about 18 tons per square inch, and by tearing asunder 
from a rivet at the bottom; an addition of about i^ cwt. of 
iron to a tube weighing 23 cwt., that is 6.5 per cent, of ma- 
terial, increasing its strength 50 per cent. 

255. We have, however, yet further resources at our 
command, to obtain an effectual resistance to this dangerous 
buckling. When failure takes place in any wrought iron 
pillar, or the top of any ordinary tube, by actual crushing, it 
will be found to have sustained little more than about 16 or 
1 8 tons per square inch of transverse section, and no alteration 
in its manner of construction would be of any avail. But, 
should it fail by buckling, its breaking strain would fall short 
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of this quantity; and any contrivance or method of construc- 
tion which would give it rigidity, and prevent buckling, would 
bring the structure nearer to this limit of crushing. 

£ven at the very time of making the experiments on the 
greatest resistance of plates of wrought iron, it was seen 
that it would be necessary in those great girders, for the 
sake of which all these inquiries were originally instituted, 
to throw the iron both at the top and at the bottom into 
some form, either as a hollow cylinder or rectangular hollow 
tube, different from the simple plate, the necessary thickness 
of which would give rise to many practical inconveniences 
Thus, in the large span of the Britannia Bridge, the width 
of the top being 14.75 ^-^ and requiring 648.25 square inches 
in its transverse area at that part, it is evident that the thick- 
ness, as one plate or collection of plates riveted together, would 
be about 3.7 inches. 

The advantages arising from the disposition of these 
plates in a cellular, instead of a solid form, are not alone prac- 
tical, as affording means of escaping the difficulties of unit- 
ing them so as to act as one piece with full efficiency, but 
even in a more important point of view, as giving them a 
mechanical advantage in resisting flexure. There is an exact 
analogy between the benefit derived from this disposal of 
solid plates of wrought iron in the form of hollow cells, on 
the one hand, and that which has been already shown in 
§§ 150 to 152, to follow from changing a solid into a hollow 
cast iron column ; in both cases the material is taken from 
the central part about the neutral axis, where it has no me- 
chanical advantage or leverage in opposing flexure, and* 
added on in a position where this is attained in the highest 
degree which the assigned external dimensions of the cylin- 
der or cell permit. 

256. The following Table, pp. 244-247, gives the results 
of numerous experiments on tubes of wrought iron, of diffe- 
rent external dimensions, from 4 to 8^ inches square, with 
the intermediate rectangular form 4 by 8 inches, and of varied 
thickness, from about ^th up to ^th of an inch ; the trans- 
verse areas ranging from 0.5 to 8.5 square inches. The 
lengths, which were chiefly loft., were also varied by cutting 
off the injured portions of the longer tubes, so as to give in 
mpst cases submultiples of 10 feet. 
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257. Table, ihowing the Resistance of Wrought Iron Tubes or 



I. 



II. 



III. 



IV. 



V. 



VI. 



VII. 



Weight of Tabe. 



Lbs. oz. 
21 2} 



43 14J 



60 6} 



80 6 



65 8 



231 o 



233 o 



VIII. 



IX. 



82 o 



290 o 



External 
DimensloiUfe 



Inches. 
4.1 X 4.1 



4.1 X 4.1 



4.25 X 4.25 



4.25 X 4.25 



8.175 ^ 4-1 



8.5 X 4.75 



8.4 X 4.25 



8.1 X 4.1 



8.5 X 4.75 



TMciknese of the 
FlateiofTube. 



Inches. 
0.03, nearly. 



Form of Section of Tabe. 



0.06, nearly. 



0.083 



0.134 



0.061 



0.264 



.26 and. 126 



O.OJ9 



0.25, nearly. 








I 



\ 
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Cells to a Force of Compression in the Direction of their Length. 





t 

Area of Sec- 
tion of Tube. 


Weight at 
which buck- 


Weight of greatest 
Kesistance. 


Weight per 
square inch buck- 
ling perceptible. 


Weight pr. square 

inch of greatest 

Resistance. 


Lengths. 




Square Inch. 
0.504 


Tons. 

• • • • 


Tons. 

2.47 
2.79 
2.79 


Tons, 

• • • • 


Tons. 
4.90 

5.14 
5-54 


Ft. In. 

10 

5 
2 6 




1.020 


• • to 


8.77 


• • • • 

* 


8.60 


10 




1.484 

1-52 

'•5a 


13.08 


16.68 
16.00 
18.60 


8.81 


11.24 

10.53 
12.24 


10 

5 
2 6 




2.3947 


20.68 


23.08 
24.80 


8.63 


9.64 
10.36 


10 
7 6 




1.532 


5-9° 


10.40 
II. 91 
10.89 


3.85 


6.79 
7.24 
7.11 


10 

7 8 
a 4 




7.326 


• • • • 


88.02 


• • • • 


12.01 


10 




6.89 


44.60 


92.2 


6.47 


13.38 


10 




1,885 


16.70 


19-50 
20.29 

18.42 

21.89 


8.86 


9.88 
10.76 

9.77 
XI.61 


10 

7 7J 
3 8 
• 7j 




8.3466 


• • • • 


• • • • 


. • . . 


not crushed 
with 
11.12 


10 
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257. Table, showing the Resistance of Wr ought Iran Tubes or J 



Weight of 
Tube. 



X. 



Lbs. oz. 



91 8 



XI. 



162 o 



XII. 



296 o 



External Dimensions. 



Inches. 



8.1 X 8.1 



8.37 X 8.37 



8-5 X 8-375 



Thickness of the 
Plates of Tube. 



Inches. 



0.06, nearly. 



0.139 



Form of Section. 



0.2191 



XIII. 



XIV. 



333 o 



157 4 



8.5 X 8.4 



8.1 X 8.1 



0.245 and 0.238 



0.0637 
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Cells to a Force of Compression in the Direction of their Length, 





Area of Sec- 
tion o£ Tube. 


Weight at which 
buckling per- 
ceptible. 


Weight of great- 
est Besistance. 


Weight pr.sqnsre 

inch buckling 

perceptible. 


Weight pr. square 
Inch greatest 
Resistance. 


s 

Length. 




Sqr. In. 


Tons. 


Tons. 


Tons. 


Tons. 


Ft. In. 




2.070 


7.10 


12.30 
12.29 


3.43 
more observ- 
able with 
4.27 


5-93 
5-94 


ro Of' 
7' 8" 






4.9262 


36.82 


44.8 

• 


7-47 


9.10 


10 




7-7367 


» • • • 


88.82 


. a • . 


11.48 


10' 

V 








not crashed 




not crushed 






8.4665 


• • ■ • 


with 
100.8 tons. 


. . . . 


with 
11.86 


10' 








31.28 




8.81 


10' l" 




3551 


25.28 


36.62 
36.79 


7.12 


10.31 
10.36 


9 lo" 
5' 0" 


• 






38.29 




ro.78 


2' 4" 
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2 5 8. The ultimate object of this series of experiments was 
to determine the best form of transverse section in the top 
of the proposed bridges, both as to the size of the cells, and 
the thickness of the plates to be used in forming them, and 
thus enable the engineer to decide upon the details of the 
design of that part exposed to compression. The more im- 
mediate object was to ascertain the value of each particular 
form of cell experimented upon, and determine its resistance 
per square inch of section. For this purpose, fourteen dif- 
ferent tubes were constructed, all ten feet in length, and 
differing in thickness of plates and dimensions. 

The four inch square cells had a thickness, respectively, of 

ri^\ -^^^^9 /^^^ ?V*^ ^^ ^^ ^^^^ nearly, for to these frac- 
tions the decimals given in the column of ^^ Thickness of 
Plates," nearly correspond, one thirty-second being 0.03125. 

The rectangular cells had two thicknesses, nearly the -^^^ 
and 7^°^ of an inch, both in those with and without the divi- 
sion plate uniting internally the middle points of the longer 
sides of the rectangle. 

The cells of eight inches square had about -^^^ A"** 
3^"^9 ^7°^ of an inch in thickness; and the last, having a 
thickness of 3%°*^ of an inch, was divided by two internal 
plates into four square cells. 

The lateral dimensions of the cells was so great compared 
with their length of 10 feet, the ratios being ^^^*** and -^j^ re- 
spectively, that they were not destroyed by flexure as in long 
slender pillars, but either by buckling or absolute crushing : 
if by the latter, we should expect that the strongest possible 
form and proportions would give about 16 or 18 tons per 
square inch, and whatever deficiency may be observed in this 
respect must be attributed to buckling having occurred first. 

259. Although these experiments were too few in number 
and in variety of dimension to enable us to deduce the general 
laws of resistance of cells, yet several important practical de- 
ductions may be gathered from them — ^namely, as to the effect 
of ibrm or size of cells, as to the value of thickness, and as to 
the influence of length on their greatest resistance. 

We at once perceive that, as regards form, every other 
circumstance being the same, the large square cell with thin 
plates is the weakest ; thus, comparing lines II. and X., the 
strength per square inch of the cell 4. i inch square is 8.6 tons, 
and for that .8.1 inch square it amounts only to 5.9 tons, the 
thickness in each being 0.06, or y^ of aninch. The next weakest 
form is the rectangle line Y ., which, with plates of the same 
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thickness as the last comparison, had a strength of 6.79 tons per 
square inch, increased, however, fully 50 per cent., or up to 
9.88 tons by a division plate across the centre, as in line VlII. 
The large square, divided into four smaller squares by two 
division plates, as in line XIY., gave still better results when 
tried the second time with a length of 9 feet 10 inches; for 
we find that it sustained, with the same thickness of j^th inch, 
about 10.31 tons per square inch. 

The Table below, arranged from § 257, shows the value 
of thickness on the ultimate strength per square inch, when 
read in the vertical lines ; and the effect of form and size 
withequal thicknesses, in the horizontal lines. 

§ 260. Tablz, showififf the comparative Strength of RectangU" 
lar Tubes^ as depending on Thickness and Dimension of 
Sides ^ all 10 ft, long^ except line 5. 





No& of the 








in. in. 








lines of $ 267 
compared. 


Tube 4 inch square. 


Rectangle 8 by 4. 


Tube 8 inch square. 


I 

2 


I. 
II. V. & X. 


Thickness 

of 

Plates. 


Strength 

per 
square in. 


Thickness 

of 

Plates. 


Strength 

per 
sonarehL 


Thickness 

of 

Plates. 


Strength 

per 
square in. 


0.03 
0.06 


4.9 
8.6 


M 
0.061 


6.79 


II 
0.06 


II 
5.9 


3 

4 

5 
6 


III. 

IV. & XI. 
XIV. 
XII. 


0.083 

0.134 

0. 0637 


11.24 

9.64 

10.31 

n 




»» 
>» 
It 


II 
0.139 

0.219 


»» 

9' 
II 
11.48 


7 


VI. 


»» 


II 


0.264 


»I2.0I5 


II 


II 



261. These results, remarks Mr. Hodgkinson, are very 
singular : they show that, in the crushing of rectangular tubes, 
the strength, instead of being nearly as the third power of 
the thickness, as was found to be the case with plates, in 
§ 248, is such that, to double the strength, four times, 
instead of j^th, § 250, the thickness of the metal, is required : 



thus- 



and 



Lines. 

11} 



Thickness. 



Tons. 



Squares 

4x4 
Sect. 

8x4 



{0T2I} ^'^ «*'*«"g*^« { 9.64 } 

\ ' ^ r give strengths \ *'^ y 
(0.264) ^ ^ (12.015) 



It also appears that when the thickness of the plates of 

2 K 
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the tubes is the same, the strength of the smaller ones is 
greater than that of the larger ; as may be seen from the 
results in each horizontal line. It likewise appears that 
in square cells, compressed to a hi^h degree, the length has 
little influence; for tubes 10 ft., 5 ft., and 2 ft. 6 inches, bear 
all nearly the same pressure per square inch. None but veiy 
thick plates resisted with 12 tons per square inch. 

Thus, although the experiments on rectangular cells were 
too few in number and variety to establish the law of their 
strengths, they yet afforded practical suggestions of the 
highest value ; thus it was determined to diminish the pro- 
posed dimensions of the cells in top of these great bridges or 
girders, which had been designed of a large size (about ^ ft. 
square) ; they were therefore constructed with the smallest 
sides which could be adopted ; and it is a useful and curious 
illustration of the many circumstances which must be taken 
into account by engineers in the details of their designs, to 
find that the minimum was regulated by the consideration 
that each cell in the bridges must be capable of access to the 
men engaged in the periodical painting and scraping of the 
structure in future times. They were finally designed about 
1 8 inches high, and 2 1 inches wide. 

262. The method of failure is shown in the 
wood engravings attached — the first being that 
of the pillar, 2 feet 6 inches long, in line I., the 
thickness of which was 0.03 inch, and its trans- 
verse area 0.504 square inches, which finally 
yielded by buckling with 5.54 tons per square 
inch. It was cut down from a tube of 10 feet 
in length. « 

The second, page 251, represents the failure 
of the cell in line VlII., which was cut down, 
^fter successive experiments, from 10 feet in 
length to I foot 7^ inches, the thickness being 
nearly 0.06 inches and the transverse area 1.885 
square inches. It yielded by buckling with 
about II. 6 tons per square inch. 

263. One experiment further must be re- 
corded, in addition to thiose given in Table, 
§ 257, deserving of notice both tor its immense 
scale and for its satisfactory results. It is that 
by Mr. Fairbairn on a square cell nearly the dimensions 
of those of the intended structure, namely, 1 8 inches square, 
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with plates i inch thick riveted to angle irons, and 8 feet long 
It was placed vertically under a powerful 
hydraulic press, which is described as 
being of the best construct! od, having four 
distinct cylinders and rams, the pressure 
being indicated by an exceedingly sensi- 
tive lever with a carefully graduated scale, 
on which the strain during the different 
stages of the experiment was recorded. 
The sectional area is given aa 50 square 
inches, and the pressure of ulticiiate resis- 
tance at 68o tons, so that the resistance 
per square inch was 13.6 tons. 

The engravings below show, in ele- 
vation and in sectional plan, the manner 
of fiulure, which was by the buckling of three of , 
the sides near the top. In the words of Mr. Fair- 
bairn — " A short time before the whole amount of 
pressure (690 tons) came upon the tube, it 1 
progressively yielding to the strains. It ulti- 
mately became distorted by the buckliog of three 
of the ^des, as exhibited in the drawing." The 
reduction in length is given as 0.16 inch by 665 
tons, which is rather greater than the loooo'"'' 
part of the length for every ton per square inch. 

This is one of those great full-size experi- 
ments which we never meet with out of England : 
no law of strength as dependent on change of di- 
mensions is in such required ; the model ia as large 
as the structure itself. It only remained to sur- 
mise that some increase of the "greatest resis- 
tance" would probably accrue when, as in the ac- 
tual structure, a number of cells are rigidly con- 
nected side by side, and consequently all lateral J 
deflectionor backling counteracted in the horizontal ' 
plane : and also that, in the vertical plane, the firm 
attachment of the sides to the outermost cells would tend 
to tniuntaiu the whole of the top in place. The final experi- 
ments on the large model tube, 75 ft. span, gave, by calcu- 
lation, a resistance to compression in the top cells of 14. S tons 
per square inch when it failed. This is a vast improvement 
on the results of the earlier experiments on the wrought iron 
model beams, 37 to 30 ft. span, which, we have seen(§ 343), 
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yielded with about 4 or 5 tons per square inch of compres- 
sion : thus, although the dangerous buckling of the plates 
shows itself even in the last great experiment of Mr. Fair- 
bairn, yet its evil effects are so far mitigated by the rigidity 
of the cellular form, that we can nearly approach the ulti- 
mate resistance of the material ; a result which must be es- 
teemed a compensation for the labour and expense of these 
experiments, although their number and variety was less than 
could be desired. 

It is, however, to be regretted that the hint we obtain 
from the peculiar form and from the resulting strength in 
line VII. was not followed up : this it was which gave the 
highest result to be found in the Table, namely, 13*39 tons 
per square inch, the angles being joined on the short sides 
of the rectangle by thin strips, only about ^th of an inch, 
that is, half the thickness of tiie remainder of the cell, which 
was ^th of an inch. We may well infer from this, that 
in rectangular cells, acting as pillars, the chief resistance 
to distortion of form under great pressure resides in the an- 
gles. It would also have been interesting to have compared 
the pillar in line XII. or XIII. with another of exactly the 
same total transverse area and length, but with much thicker 
plates at the angles, united by riveting four thinner strips on 
each side. If we examine the transverse sections of the 
cells in the top of the Britannia Bridge, Plate XIII., fig. 159, 
we may see that the cover plates outside and the angle irons 
in the interior angles give an approximation to such a form. 
It might also be surmised that a circular cell or tube of 
moderate dimensions, and of given thickness and section, 
— a figure which is identical in every vertical plane passing 
through the axis, — would be a stronger form than the same 
plate with a rectangular section, in which the resistance to 
crippling depends solely on the four angles. 

264. As regards the effect of length on the resistance 
of cells as pillars, it appears, that, instead of the strength 
varying inversely as the square of the length, as in long flex- 
ible plates, it had but little ultimate influence in those square 
and rectangular tubes which were compressed to a high 
degree. Thus in line III., page 244, we have:—- 

Length. Breaking Weight. 

ID ft 11*24 tons per square inch. 



5ft 10.53 » 

2i ft 12.24 



9> 



99 « 
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And again, in line V. we have : — 

Length. Breaking Weight. 

10 ft 6.79 tons per square inch 

7 ft. 8 in 7*^4 " " 

2 ft. 4 in. . . • 7*^1 99 99 

These tubes were, as to length, in the same circumstances 
as short solid specimens of the same material, in which, within 
the limits of a heigh j} about equal to the diameter and 4 or 5 
times the diameter, the resistance to crushing is constant, no 
flexure whereby part of the transverse area would be thrown 
into tension being possible. 

265. It now remains to give the experiments on hollow 
cylinders as pillars. In these the transverse area ranged from 
about half a square inch to 2^ square inches, and the corre- 
sponding external diameters from i4 inches to nearly 6^» 
which give ^th and ^th of the lengtn, respectively. 

§ 266. Table, showing the Resistance of Cylindrical Tubes of 
Wrought Iron to a Force of Compression in the Direction 
of their Lengths^ the ends being turned perfectly flat. 



K08.0f 

Experi- 
ments. 




Thickness. 


Area. 


Weight of 

greatest 

Resifl- 

tanoe. 


Pressore 
on square 

inch of 

greatest 
Resia- 
tance. 

Lengths. 


» 


External. 


Internal. 




IncheB. 


inches. 


Inches. 


Sq. Incbesi 


Tona. 


Tons. 


Ft. In. 


I. 


1-495 
do. 

do. 


1.292 
do. 
do. 


O.OI 

do. 
do. 


0.4443 
do. 
do. 


2.918 

6.19 

6.78 


6.55 
13.92 

15-28 


9 " 
5 
2 6 


IL 


1.964 


1-755 


. . a • 


0.614 


6.32 


10.35 


9 " 


in. 


2.49 


a.275 


. • . . 


0.8045 


10.69 


13.29 


9 " 


IV. 


2.35 


1.865 


• a • . 


1.605 


»5-4i 


9.60 


10 


V. 


3.34 


1.91 


0.215 


1-4353 


14.21 


9.90 


10 


VI. 


2.995 
do. 
do. 


2.693 

do. 
do. 


• ■ • . 

do. 
do. 


»-349 
do. 

do. 


16.68 
18.80 
23.60 


12.36 
16.69 


9 "i 

7 6 
2 4i 


VII. 


4.05 


3.77a 


• . . • 


1.7078 


21.08 


12.34 


9 "i 


VIII. 


4.06 


3-75 


0.150 


1.901 


22.28 


« 

1 1.7 1 


9 "J 


IX. 


6.366 


6.106 


0. 1298 


2.547 


40.80 


l6:02 


10 


X. 


6.187 
do. 
do. 


• • • • 

do. 
do. 


0.0939 
do. 
do. 


1.799 
do. 
do. 


26.82 
30.80 
33.22 


14.91 
17.12 
18.46 


10 
2 6 
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267. It appears at once, by comparing the columns in the 
above Table headed, '' Pressure per square inch of greatest 
Kesistance," with the same in the Table, pages 245, 247, of 
rectangular form, that the cylindrical tubes give higher results, 
and that the surmise at the end of § 263 is borne out by these 
experiments. 

The columns with the smaller diameters may be expected 
to bend as in long columns, and follow,^ in some degree, the 
laws that they are subject to — the resistance, where the pres- 
sure is small, being inversely as the square of the length 
nearly. On the contrary, in tubes 6 inches in diameter, and 
only 10 feet long, flexure cannot take place, except in a very 
small degree ; and therefore the resistance will be nearly con- 
stant, and of the nature of crushing or wrinkling, as was the 
case in all the experiments on the compression of rectangular 
cylinders. In these we have seen that the resistance was 
nearly the same, whether the tube was 10 feet long, or 
any part of that length. 

" In experiments on the longitudinal resistance of cylin- 
drical tubes of small and large diameter, we have the opera- 
tion of two distinct laws exhibited. Thus, in line I., we have 
the resistance increasing as we diminish the lengths to one-half 
and one-fourth, from 6.55 tons to 13.92 and 15.28 respectively, 
which, although not proportioned to the inverse square, show 
a very great increase of strength as the length is diminished. 
In the tube 6 inches in diameter, line X., we have also three 
lengths, the second and third being the half and the fourth of 
the first, which was 10 feet long, the respective resistances 
being more nearly equal than in line VI., in which the external 
diameter was 3 inches, or ^'^th of the length of 10 feet. For, in 
line VI. with about 3 inches diameter, and lengths of 10 feet 
and 2 feet 6 inches, we have the extreme strengths 12.36 and 
16.69 tons per square inch, which differ by 4.3 tons ; while 
in line X., with 6 inches diameter, the extremes are 14.91 
and 18.46 tons per square inch, with lengths also 10 feet and 
2 feet 6 inches, respectively, which differ by about 3.5 tons: 
and hence the inference very fairly suggests itself, that, if the 
diameters had been yet further increased, we should have had 
the strength independent of the length." 

268. The wood engraving shows the method of failure of 
the cylinders generally. This particular one failed by buck- 
ling and flexure : it was 2 ft. 4.3" long, and 4 inches in exter- 
nal diameter, having a thickness of about :^th of an inch. 
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The diminutioQ of length was about 0.58 inch with about 
55 tons ; with 60.8 tons the greatest resistance 
was overcome. 

269. It was a favourite idea of Mr. Hodg- 
kinson that the circular cell should be adopted 
in the tubular bridges, at least in the parts sub- 
jected to compression ; but the practical difficul- 
ties of uniting them to each other and to the 
sides, and their inaccessibility for examination or | 
painting when once erected, precluded their 
adoption. It was reserved for Mr. Brunei, in 
his Chepstow and Saltash Bridges, to take 
advantage of whatever gEun this form may pro- 
mise ; the top, or compressed member, in the 
former being a tube 9 feet in diameter, slightly- 
cambered; and in the latter an ellipse, 16 feet by 12, with the 
larger diameter horizontal Plate XlII., fig. 159, 



270. The only object of the experiments on vertical tubes 
of wrought iron given above was, as has been already men- 
tioned, with the view of deciding upon the proper proportions 
of the great beams then under consideration, from the trans- 
verse strains in which a severe compression was indirectly 
produced in the upper part. Notwithstanding this .limited 
aim, the experiments themselves are evidently to be placed 
amongst the results of material under direct compression, the 
testa applied being exclusively of that character, and their 
application consequently extending legitimately to the assign- 
ing of the dimensions of solid and hollow pillars of this material 
under a vertical force. Examples are not wanting in recent 
civil and mechanical engineering in which wrought iron has 

. been employed as a pillar with advantage in special circum- 
stances, although, speaking generally, it cannot be s»d to 
be fully recognised with this application in the constructive 
arts. 

271. Lighthouses have within a recent period been con- 
structed on a foundation of Mitchell's screws bearing up solid 
wrought iron pillars, to the heads of which the superstructure 
is subsequently connected above the ground line; it is thus that 
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invaluable lights have been placed on sandbanks, and other 
situations where the construction of the usual tower of 
masonry would have been utterly impossible. 

The following account of that constructed for the Spanish 
Government by Mr. John H. Porter is abridged from a paper 
read by him before the Institution of Mechanical Engineers, 
and published in their Proceedings for i86i« The general 
elevation is shown in Plate XIII., fig. 160. It was constructed 
on the island of Buda, at the mouth of the Ebro, and is in- 
tended to be visible 20 miles distant out at sea. It will be 
observed from the dimensions figured that the screws were 
intended to have been driven 30 feet into the ground. 

^^ The Buda lighthouse is erected on the margin of the 
sea, not actually in the water, but so close, that in very stormy 
weather, its base may be washed by the waves and spray. 
[The Mediterranean, it will be remembered, is of an almost un- 
varying level.] Owing to the sandy nature of the ground, 
Mitchell's screw piles are adopted for the foundation : eight 
of them are arranged in an octagon of 56 feet diameter, and a 
ninth is placed in the centre. iJpon the top of the wrought 
iron piles, starting at about 3 feet above the level of the sea, 
is an octagonal pyramidal structure of open iron work, 150 
feet high from the top of the piles to the level of the lantern 
platform at the summit, as shown and figured in the general 
elevation. 

** From the centre pile rises a hollow cast iron column to a 
height of 3 1 feet, from which point radiate the horizontal 
beams that support the platform of the dome-shaped dwelling 
house. To protect this platform from the violence of the 
wind, an inverted cone is constructed beneath, serving also as 
a receptacle for stores. From the house platform, rising 
through the dome to the lantern platform at the summit, is a 
wrought iron cylindrical tower, enclosing the winding staircase 
by which the keepers ascend to the light. From the eight 
external piles rise eight wrought iron pillars, . converging 
from an octagon of 56 feet diameter at the base to one of 9 
feet 10 inches diameter at the summit. These supports are 
united horizontally at ten points in the height of the structure 
by sets of horizontal framing adapted for resisting compres- 
sion or extension, the intersection of which with the uprights 
forms thus a series of quadrilatral spaces in the sides of the 
octagonal pyramid ; and these spaces are crossed diagonally 
by round tie rods, which are united in a centre ring, to 
admit of being screwed up to a state of tension. Other tie 
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rods radiate obliquely from the central tower to the external 
uprights, each fitted with a right and left handed screw cou- 
pling, and are attached to the tower midway between the tiers 
of horizontal framing ; eight of them ascend, and eight de- 
scend to the junctions of the framings with the corner pil- 
lars. The eight ascending rods thus form, in connexion 
with the horizontal framing, under compression, a system 
of trussing analogous to that commonly employed in the 
interior of gasholders, and so distribute their portion of the 
central load upon the external supports. By this arrange- 
ment the weight of the central tower and stairs is sustained 
at intervals in the height of the structure, by the eight corner 
pillars, and but slightly by the dome or by the centre pile. 
The set of eight descending rods assists with other portions 
of the structure, in preventing any distortion of the general 
fabric. 

" The total weight of the superstructure, including the 
lantern, is about 1 70 tons, of which about 40 tons are upon 
the centre pile, leaving from 16 to 17 tons to be borne by each 
of the eight corner piles. The lantern and lighting apparatus 
weighed about 10 tons." 

272. The following statement is given by Mr. Mitchell as 
to the experiment by which he determined a practical rule, 
giving the requisite bearing area of the screw in proportion 
to the insistent weight,* in the case of the Maplin Sand 
lighthouse, constructed on screw piles at the mouth of the 
Thames. 

A jointed rod, 30 fl. long, and i^ in. in diameter, having 
at its foot a spiral flange 6 in. diameter, was moved round by 
means of cross levers, keyed upon the boring rod ; and upon 
these levers, when the screw was turned to the depth of 27 
ft., a few boards were laid, forming a platform sufficiently 
large to support twelve men. A bar was then driven into 
the bank at some distance, to supply a bench mark or point 
of reference, its upper surface being brought to the same level 
as that of the boring rod. Twelve men were then placed 
upon the platform, to ascertain if their weight, together with 
the apparatus — in all about one ton — sufficed to depress the 
screw. After some time the men were removed, and the 
level was again applied ; but no sensible depression of the 
screw could be observed. The inferenee from this was, that, 
if a screw of 6 in. diameter could support one ton, another 

* It was originally undertaken to determine this point. 

2 L 
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having one ft. diameter was capable of supporting at least 4 
tons, the comparative area of their surfaces being as the 
squares of the diameters ; and hence is derived the rule— 
** Four times the square of the diameter in ibet is equal to the 
bearing power of the screw in tons." But, as a continuous 
surface possesses a much greater sustaining power than the 
same area in detached portions one foot in diameter, we find 
the number five in use in practice, as a constant that can be 
employed with perfect safety in a foundation of sand. 

273. The screws for this structure are 4 ft. in diameter, 
and are attached to wrought iron solid cylindrical piles, 8 in. 
in diameter, and originally intended fb enter 30 ft. into 
the sand, as shown Ih the general elevation, fig. i6oi and 
at a larger scale, fig. 161. The piles lettered A are solid, 
of hammered iron, forged in one length ; the upper ends, 
as shown in the vertical section, fig. 162, are reduced to 7 in. 
diameter for a length of 22 inches, at which point a collar is 
welded to the body of the 8 in. pile, on which rests the cast 
ironr cap lettered B. In Fig. 162 a is shown the manner in 
which the wrought iron pile is attached below to the cast iron 
screw : there is a collar forged on the pile, forming a shoulder 
or stop, which bears upon the top of the screw ; and below 
this shoulder the pile is reduced on two opposite sides, form- 
ing a kind of tenon, which is dropped into a corresponding 
socket cast in the screw, so that it must turn with the pile : 
a key of wrought iron passes through the opposite sides of the 
socket and the flattened portion of the pile ; it is very accu- 
rately fitted, and left flash on the outside, having a slight taper 
or wedge form. 

The centre pile, with its cast iron cap in vertical section, 
is shown in fig. 166 ; and the cast iron column springing 
from it, with the connexion of the radiating girders of the 
horizontal framing and of the cone below the house platform. 
The junctions of the cast iron column are all bored, turned, 
and faced in the lathe. The head of the pile above the 
shoulder is reduced to 7 in., as in the eight external ones, but 
for double the height, or 44 in. 

274. Above the level of the caps of the eight outer verti- 
cal piles, which are attached to the screws, and rest upon them, 
rise eight wrought iron pillars, the form of which is shown in 
section, figs. 170, 171. 

The lowermost part of the pillars, fig. 170, consists of a 
bar 12 in. by one inch, with angle irons of 4 in. by 5 in., and 
I in. thick, united to it by one inch rivets, spaced 6 in. 
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apart. This section is carried up to a height of 5 feet above 
the level of the house platform, from which point the smaller 
section, fig. 171, is employed. This differs from the former 
only in the centre bar, which is reduced to 9 in. in width. 
The transverse section of the lower part is 24, and the upper 
21 square in., which is far more than necessary for resisting 
the forces which compress it in the direction of its length. 
There is thus no portion of the pillar of a less thickness than 
f in., and all parts of it can be conveniently inspected after 
erection, and carefully scraped and repainted when necessary ; 
while the flanged structure of the pillar itself, as derived 
from the angle irons, greatly contributes to its stiffness in all 
directions. The unbraced length of the pillar was about 
16 ft. 4 in. ; which is the vertical distance between the several 
horizontal framings. 

275. In addition to considerations of general construction 
and detail, so as to secure the rigid connexion of all the parts 
of the structure, it was necessary to have regard to simplicity, 
convenience, and safety in the process of erecting abroad. 
With this object, the jointing of the several lengths of the ex- 
ternal corner pillars is arranged so as to admit of each stage 
or tier of horizontal framework being permanently attached 
to the pillars at a distance of 5 feet below the centre of the 
joint of the middle plate ; the angle irons have their joints 6 
ft. apart, one being 3 ft. below, and the other 3 ft. above the 
meeting joint of the end of the middle plate ; angle iron 
cover plates, 3 ft. long, are riveted over these joints, and a 
flat plate, also 3 ft. long, over the joint of the middle bar. The 
lower angle iron cover plate is consequently some 6 in. clear 
above the horizontal framing, each stage of which thus affords, 
with the addition of some scaffold boards, a most secure and 
convenient platform to place the materials on for proceeding 
with the erection of the succeeding lengths of the external 
pillar and central tower. The junctions of these parts of 
the structure can there be conveniently riveted and bolted, 
the diagonal tie rods attached, and their degree of tension 
adjusted with accuracy. 

276. The central tower, already mentioned, rises from the 
house platform immediately over the cast iron column ; it is 6 J 
ft. in diameter, and contains the circular stairs, and is formed of 

f)late iron, ^ in. thick. Six plates in width form the circum- 
ference of the cylinder. The edges of the plates are butted 
on all sides, with cover strips on the exterior : those covering' 
the horizontal joints are 6 in. wide by f in. thick, and those 
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of the vertical jointa 4 in. by | in. thick* The winding stairs 
within the tower are of cast iron, and strung upon a central 
tube of wrought iron, 2 in. in diameter : a complete revolu- 
tion of the stair is made in a height of 8 ft. 2 in., and this 
central tower was raised in cylinders of that length ; and two 
such lengths correspond exactly with the spacing of each tier 
of framing and ties above the house dome. 

As the work of constructing proceeds, a permanent and 
secure means of ascending and descending is provided — the 
small window openings admitting at the same time of a man 
passing through the side of the tower to the platform of fram- 
ing next below it. This special advantage will, moreover, 
always exist for the inspection of all parts of the structure, 
affording the same convenience for painting when occasion 
requires. 

In two wrought iron lighthouses, erected near the mouth 
of the Thames (the Mucking and Sea Keach), the pillars of 
the superstructure at the angles were formed of hollow cylin- 
ders of wrought iron, about 10 inches diameter, which were 
constructed of | inch plates, bent round, and riveted together 
with a butt joint. 

This method of construction had an advantage in point of 
appearance ; but it is decidedly expensive, and almost impos- 
sible to paint inside. In the method adopted in the Buda 
lighthouse, described above, the entire surface is exposed to 
view, and accessible for painting and examination. A pre- 
cedent for using, cast iron in the main pillars of a light- 
house is afforded by the screw-pile lighthouse erected by the 
Government of the United States on the Florida Reef: in 
this, the only other structure at all comparable in dimensions 
with that at Buda, the principal supports consist of cast iron 
tubes. It was, however, considered that there must be some 
insecurity in employing so brittle a material, and that it was 
less fitted to undergo the vibration or tremour which ccasion- 
ally, and perhaps to a certain extent generally, will pervade 
a structure of this character and of these dimensions ; added 
to which was a consideration of the inconvenience that would 
result from the breakage of any of the cast iron tubes in tran- 
sit, in transhipment, or in erection abroad. Wrought iron 
having thus been determined upon as the material to be used, 
the form in which it could best be employed next came under 
consideration. Several advantages attending on that which 
has actually been adopted have already been mentioned, and 
it may be added that the connexions of the several lengths 
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of a pillar with each other, and also with the horizontal and 
other framing, would have been attended with more expense 
and less simplicity in detail when in the form of a hollow 
cylinder than that shown in figs. 170, 171. 

277. The diagonal bracing is on an excellent system, and 
experience has pointed out that some such provision is essen- 
tial in these structures: thus the Maplin Sands lighthouse 
was originally designed without diagonal stays; but when 
erected it was found that, though strong enough vertically, 
the whole rocked and twisted round horizontally, when a 
moderate force was exerted at the top of any one of the 
pillars at regular intervals, so as to get into time with the 
vibration of the structure ; such a motion might have proved 
fatal to its stability, and diagonal stays were thereibre subse- 
quently added, similar to those in the lighthouse at Buda, 
which entirely corrected the defect. 

In the design for the Bishop's Rock lighthouse, near the 
Land's End, constructed of a framework, with cast iron pillars 
at the angles, there was no diagonal bracing for the first 1 2 
feet high ; so that in a storm, shortly after it was erected, the 
whole lighthouse had twisted round, and the pillars broke off 
at the base: had it been properly stiffened with diagonal 
stays, starting from the very foundation, it might have been a 
most satisfactory and secure structure. It was, however, re- 
built of stone, at a greatly increased cost. 

278. At Buda, in consequence of the density of the sand, 
and size of the screws, it was found impossible to get the piles 
down to the intended depth, so that additional bracing was 
introduced, about 6 ft. below the pile heads ; it was similar in 
construction to the lowest bracing in the original design, and of 
the same material, namely, puddled steel, by the use of which a 
saving in weight of 25 or 30 per cent, was effected, and advan- 
tage taken of its resistance to corrosion, in which it was deemed 
superior to the ordinary plate iron. These two deep and rigid 
framings must secure the piles against any lateral stress, and 
relieve any single pile which, from unexpected weakness in its 
foundation of sand, might stand in need of such assistance. 

Moreover, while the lighthouse was in course of erection, 
the River Ebro began to change its course, and .continued to 
do so, until at length the structure stood and stands in mid- 
channel, instead of on dry land. As the river scoured away 
the sand from around the piles, it became necessary to pitch 
in stone to the extent of a small island. This separation 
from the mainland compelled other additions for dwellings, 
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for water supply, &c. &C.9 as the requisite supply of stores 
might be cut off during any continuance of bad weather. The 
tower has been found perfectly steady and rigid in a heavy 
gale of wind and rough sea. 

279. The drawings, figs. 178, &c., represent an appli- 
cation of wrought iron pillars to support the successive tiers 
of boxes and galleries in a Theatre, and is equally applicable 
to any structure having public assemblies for its object. In 
such structures it is obviously of importance that the un- 
avoidable introduction of vertical supports should as little as 
possible interfere with the view of the stage, pulpit, or plat- 
form, as the case may be ; and for this purpose a solid wrought 
iron shaft, when the height, as in the case before us, is not re- 
quired to be considerable, would seem to be the most suit- 
able material of all at our command, and also the best form ; 
timber of sufficient strength being more bulky, and subject to 
the risk of fire ; and cast iron, on the other hand, if of equal 
diameter with that in the drawing, would be inferior in its 
ultimate vertical resistance, and also liable to sudden fracture 
from any accidental transverse blow. The pillars in the 
drawing, which are 4 inches and 3 J in. in diameter, and about 
10 ft. and 8 ft. 9 in. in length, respectively, can be purchased 
as rolled in one piece without any welding. The only difficulty 
in applying such a uniform cylinder in practice would seem to 
be the want of sufficient area at the base, and at the upper 
end: this, however, is efficiently provided by the adjunct of a 
cast iron base plate and capital, the wrought iron pillar being 
turned at each end, and the castings bored out to fit them : 
the neck of the wrought iron pillar is reduced for a length of 
6 in. to a diameter ^ an inch less than the other part of the 
shaft. 

The lower base plate, which is circular in form, and 14 
inches in diameter, is bolted down upon a timber sill, 14 in. 
wide, and 6 in. deep, by four screw bolts, one inch in diameter. 
It is shown in elevation, fig. 180; in plan, fig. 181 ; and in 
vertical section, fig. 182, the last pointing out the depth 
which the wrought iron shaft enters the base plate. 

The capital is of an ornamental character, and of an iden- 
tical form in each tier, but smaller above, as the wrought iron 
shaft itself decreases from 4 in. diameter in the lowermost 
range to 3^ in the upper ; a piece of deal plank, ^ in. thick, 
and 7 in. square, is placed centrally on the upper surface of 
the capital ; and on this the angle irons, forming the lower 
flanges of the three wrought iron girders, which intersect over 
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the centres of the pillars, rest ; this economizes, saving both 
the planing of the upper surface of the capital, the timber 
under pressure adapting itself to small inequalities, and also 
dispensing with the countersinking of the rivet heads, the 
form of which may be cut out of the timber with a gouge. 
The girders are fastened down by four screwed bolts, tapped 
into the capital, and passing through the slab of timber. 

It will be perceived that the top plate of the projecting 
cantilever passes over the angle iron forming the upper flanges 
of the intersecting girders ; between this and the bottom sur- 
face of the base plate of the second tier a half inch plate of 
timber is also introduced : the several views of this casting are 
shown in figs. 183,1 84. The inclined directions of the verti- 
cal ribs, fig. 183, are for the purpose of supporting the inter- 
mediate girders in the curve of the front. 

The bolts holding down this casting pass through all, and 
have a nut and washer below the angle irons of the upper 
flange of the longitudinal front girders. The form of the 
capitals of the pillars of the dress circle is, as the drawings 
point out, identical with that of the lower tier. 

280. It will be observed that the weight borne by the 
base of the upper range of pillars is transmitted to the lower 
through the portions of the three girders which intersect in 
the line of their common vertical axis, and which thus supply 
the place of a connecting piece, the vertical supports resting 
upon the horizontal framework of girders, to which they are 
securely bolted — a design which is quite admissible in struc- 
tures, the loading of which is not intended to be greater than it 
is ever found to attain in such places of public assembly 
described in this example. It would probably be ample to 
take one cwt. weight per square foot as the greatest load, 
including the gallery and seats, with a full audience. 

281. The framings of Marine Engines, especially the oscil- 
lating and the overhead forms of construction for paddle and 
screw vessels, respectively, give occasion for the employment 
of solid wrought iron pillars with great advantage. The 
drawings, figs. 187, &c., show a pair of pillars of this material, 
part of the frame of a screw steamer constructed by the 
firm of Messrs. Courtney Stephens, and Co., Dublin. It will 
be perceived that the shaft of the pillars, 3^ in. in diameter 
is enlarged at each end, by welding on suitable pieces, 
so as to give shoulders whose external diameter is equal 
to 5^ in. ; each of the pillars, which are all faced and turned 
in the lathe, passes in its upper end through an opening 
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in a projecting lug, cast upon the body of the condenser, 
and bored out and faced to receive it ; the several pillars, 
having a screw cut upon the upper end, are firmly held by a 
hexagon nut, worked down to bear upon a washer laid on 
the upper surface of the casting ; at the lower end it enters a 
projection, 9 inches in diameter, cast upon the bed plate, and 
bored out true to receive it ; in this it is held by a tapered 
cotter, 3 in. by i in., passing through all, and very carefully 
fitted. The pillars are consequently adapted to act either as 
tie rods to hold the parts of the engines together^ or as 
columns to bear their weight, which they may be called upon 
to do, either from the working of the ship in a seaway, or from 
the alternate motion of the overhead engine. 

In such positions, the wrought iron pillar has great advan- 
tages over cast iron, among which are its lesser bulk, and 
more reliable character under such varied strains, and its 
admitting of the methods of fastening just described. 

282. The difficulty of designing Railway Bridges is, in par- 
ticular localities, very great, both with those passing over and 
under the line. The exigencies of providing the necessary 
breadth, the requisite headway, and of compliance with the 
many requirements of the Legislature, are often very trying to 
the skill of the engineer, and oblique and inclined directions 
of crossing generally present themselves to enhance the other 
troublesome_circumstance8. In the case of an over bridge — 
one in which the street or road is carried over the line of rails 
— the least headway is measured by the highest funnel of the 
engines used on the line, some few inches being allowed for the 
issuing blast ; and in case of any super-elevation of the outer 
rails, from curvature of the line at the spot, this also must be 
attended to, as it in some degree raises the funnel : in many 
instances 14 ft. has been found sufficient, measuring from the 
surface of the rails to the soffite of the bridge. 

The horizontal girder, placed at the height thus determined, 
is very generally used to carry the roadway, and it is evidently 
the depth of this girder, together with that of the material of 
the roadway, added on to the 14 ft., or whatever it may be, 
mentioned above, which, in the case of bridges over the rail- 
way, gives the limit to the vertical distance between the line 
of rails and the line of road. 

The depth of the girder will, to a considerable extent, 
depend upon the span, and this for a double line isf generally 
about 28 or 30 ft. Now, by placing an intermediate support 
between the up and the down line, the span over each of them, 



WROUOHT IRON IN COMPRESSION. 265 

respectively, can be reduced to that sufficient for a single 
line of way, which is about half of that required by a double 
line ; and the distance between the abutments is only increased 
by the thickness of the intermediate support introduced, which, 
in the case of masonry will be from 1 8 in. to 2 ft., and with 
cast iron columns probably 12 or 15 in. for the external 
diameter of the pillars adapted to this duty ; but the strength 
and depth of the girder may be greatly diminished with a span 
of only one-half, and consequently the vertical distance be- 
tween the level of the surface of the road and the level of 
rails to the same extent lessened. 

283. The drawings, figs. 191, &c., will explain the 
construction of the bridge under Arklow street, on the 
Dublin and Wexford Railway, designed by Mr. William R. 
Le Fanu. The street, which was crossed obliquely, could not 
be altered in level ; and from the nearness of the station plat- 
form, the level of the rails could not conveniently be lowered — 
it being, on the contrary, rather an advantage to place them as 
high as possible ; hence the peculiarities of the design which 
was adopted to meet these circumstances. In it we find that 
the span for a double line has been divided into two several 
openings by a range of seven wrought iron pillars, placed be- 
tween the up and down lines ; these are formed of axle iron, 
4 in. in diameter, and, being truly faced at each end, are 
dropped into a base plate below, and at the upper end carry 
a cast iron cap adapted above to bear the bottom flange of the 
wrought iron girders; these are formed of a vertical web, 
10" deep, and ^" thick, the upper and lower flanges being 
constructed of angle iron, 3i x 3^ x ^'\ riveted on each side of 
the web: between each pair of girders, which are 5 ft. 3 in. 
apart, plates of wrought iron, about 3 feet wide, and J" thick, 
bent into a segmental curve, are placed, and simply rest upon 
the lower angle irons. The parapet wall is carried by a cast 
iron girder ; and, as the depth here has no influence on the 
headway, or on the level of the street, it is unsupported in 
the centre, spanning both lines of way with a single opening. 
Wrought iron ties are passed from outside to outside in the 
line of the central pillars, and riveted at each column. The 
spandril spaces are filled in with concrete up to the line 
of the top of the curved plates and wrought iron girders, 
on the surface of which the road metalling is placed, mak- 
ing the total depth from the street to the tie rod 15 in., 
and from the street to the line of rails 15 ft. 3 in., which is 
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probably the least possible interval with the ordinary height 
of funnel of railway locomotives. In under, bridges very in- 
genious designs for a minimum headway may be observed ; but, 
as the public roadway cannot be divided, they afford no ex- 
amples of the application of an intermediate line of pillars. 

In arches of masonry the same end may often be obtained 
by placing one small flat arch over each line of way, in lieu of 
a large single arch over both lines, of greater rise and greater 
depth at the key. The relative alteration, or saving of vertical 
height may be as great in this case ; but the structure now 
drawn and described gives absolutely the least vertical distance « 
between road and rail. 

284. Pillars of wrought iron have been advantageously 
employed in the construction of gas holders, and with great 
economy. That represented in figs. 199, &c., is taken from 
a paper by Mr. A. F. Wood, published in the " Transactions" 
of the Society of Engineers, 1864. Contrary to the usual 
practice, the columns which surround the gas holder at the 
Kennington-lane Station of the Phoenix Co. have been formed 
of plates of malleable iron riveted together. The gas holder 
is 160 feet in diameter, and 70 feet high, and has 16 columns 
outside its circumference, which carry on their inner faces 
vertical rails, serving in the usual manner to guide the ascent 
and descent of the holder. Each of the columns is 73 feet 
in total height, and 3 feet 8 inches diameter at the base, 
tapering to 2 feet 8 inches at the top ; the plates are f ***® in. 
thick below, and J'^ in. above. Each column was erected in 
one piece, and stands in a cast iron base held down by four 
long bolts, which are attached to a plate built into the masonry 
of the circular wall. The external mouldings of the columns 
are of cast iron; and, being formed of two pieces, which 
meet in a diametrical vertical plane, they are easily attached 
to each other and to the wrought iron column, by screw- 
bolts. The usual cast iron girders holding together the 
heads of the pillars have been superseded by wrought iron ; 
here also, in the form of tie rods, 2 inches and i^inch in 
diameter. 

Had cast iron pillars been employed, they would probably 
have been cast in three lengths, with internal flanges faced 
and turned in the lathe, and united by screw bolts on the 
inside ; and, although having very little vertical load to sus- 
tain, the thickness of the metal could not have been less 
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than I J or 1 J inches, whereas the plate iron was but |'^*, which 
more than compensates for its higher price per ton. 

The main building for the Paris Exhibition, 1867, gives 
a fine example of wrought iron pillars : the great external 
oval gallery is covered by an iron roof, in form a circular arc ; 
this it was determined to construct without any internal tie 
rods or trussing, which would have induced a severe outward 
thrust* on the supporting pillars at their summit but, for the 
device of carrying them up outside all to the level of the 
crest or ridge of the roof, and connecting them together by 
external tie rods : a force is thus supplied in opposition to 
the horizontal thrust of the curved roof; the pillars have 
therefore evidently to resist a transverse strain as beams, 
arising from the circular roof, as well as to sustain its weight; 
with this object they are constructed of a rectangular form in 
the horizontal section, with the greater side in the direction 
of the thrust of the roof, and diminishing towards each end 
from the point of application of that force, as in a horizontal 
beam, the firm attachments at the base and the tie rods at 
the summit acting as abutments. 

285. Many other applications of wrought iron must occur 
to the reader, such as tile masts of ships, which are now some, 
times made as hollow cylinders of plate iron riveted together 
and also more recently of steel plates in order still fiirthe' 
to reduce the weight. An advantage is ingeniously taken o 
these lofty hollow cylinders to ventilate the lower decks 
through a lateral opening below, and a corfesponding one at 
the top, the foul air passing up as through a funnel. 

The great shear legs so requisite at every port and dock- 
yard, for lifting in and out of place on board, masts, boilers, 
and heavy portions of marine engines, are also now generally 
formed of hollow plate iron cylindrical tubes ; but both in these 
and in the case of masts the duty of resisting transverse strain 
80 far exceeds anything they are called upon to support as 
pillars, that they must be left for description under the ex- 
amples of wrought iron beams. 

We may frequently observe wrought iron pillars, in the 
form of rectanj^ular hollow tubes, supporting roofs with open 
sides at various workshops ; but it is probable that the pro- 
prietors of these establishments, making use of plate iron ns 
one of the materials of their regular business — such as boiler 
makers, iron ship builders, &c., have been influenced to adopt 
it for a vertical support, when making alterations or additions 
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to their works, with the motive of keeping their hands to- 
gether (especially in a time of slackness in trade), and putting 
them to work on a material which they thoroughly under- 
stand, and can manipulate with skill; so that we cannot point 
to such work as giving an example ; it would probably have 
been cheaper to have used cast iron columns, but for the con- 
tingent advantages mentioned above. 



DIRECT EESISTAlfCE OF TIMBER TO COMPRESSION. 

286. Timber. — The direct resistance of Fir and Oak Timber to 
a compressive force is about 2 J to 4 J tons per square inch 
respectively in short specimens, ends flat, carefully selected, 
very dry, and seasoned, and of the species most generally 
used in construction, and is proportional to the area of 
section in action, 

287. The experiments were made on short columns 2 in. 
in height, flat at the ends, and turned to be one inch in 
diameter. A very important addition to the usual line of 
experiments has been followed in these, which have been 
tabulated (§ 288), namely, obtaining the ultimate resistance 
of the specimens in two very different states : first, when 
ordinarily dry or fit for use ; and, secondly, when, after being 
turned, they were kept drying in a warm place for a 
further period of aboht two months. The result is of great 
practical importance, as showing the good effect of seasoning 
or drying upon wood, and the great comparative weakness of 
wet timber, it having, with many different kinds, not half 
the strentjth of that which is thoroughly dry. 

The following Table is arranged from that given by Mr. 
E. Hodgkinson, in which the mean results are set down, com- 
mencing with that species which has the highest resistance, 
and so on in order down to the lowest. The first column 
gives the results from a mean of about three experiments 
on each species, the woods being moderately dry, such as are 
employed in making patterns for castings. The second is de- 
rived from a like average, the specimens being, as has been 
mentioned, very dry : — 
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288. Table, showing the Ultimate Resistance of short Speci- 
mens of Timber to crushing ^ ends flat, with the Resist- 
ance to Tension^ from page 54, appended^ in some of them. 



Description of Timber. 



Teak 

Birch (American), 

Elm, 

Box, 

Ash, 

Mahogany, 

Beech, 

Oak (Dan tzig, very dry), . . . . 

Baywood, .- 

Elder, 

Sycamore, 

Alder, 

Pine (Pitch), 

Deal (white), 

Fir (spruce) and Crab, 

Oak (English), 

Walnut 

Deal (red), 

C«dar, 

Pine (red), 

Pine (yellow, full of turpentine), 

Hornbeam, 

Oak (Quebec), 

Plum, 

Birch (English), 

Larch (fallen two months), . . . 

Poplar, 

WiUow, 



Compression : 

Tons per square 

inch. 



Tension 
Tuns per 
sq. inch. 



Not sea- 
soned. 



3.88 
3.66 

3-45 



Very 
Dry. 



3-36 

3-33 
3. 16 

3-05 
3-03 

3-03 
2.90 

2.89 
2.71 
2.57 
2.53 
2.41 
2.40 
2.02 
1.89 
1.63 

1.47 

1.43 

«.39 
1.29 



5-40 
5.21 
4.61 

4.36 
4.18 

3.66 

4.18 

3-45 
3.36 

4.48 

3." 
3.03 
3.21 

3.04 

4.49 
3.23 
2.94 
2.62 

3.36 

2.43 

3.25 
2.67 

4.18 

2.86 

2.49 
2.29 

2.74 



6.70 



9.00 
7.60 
3.60 
5.00 



4-5 



Ratio of 

Compression 

to Tension.- 



I : 1 . 24 

X : 2 . 06 
1 : 1.82 
I : 1 . 00 
1 : 1.20 



I : 1 . 80 
I : x.oo 



289. The length of some of the specimens in the column 
headed Very Dry was but one inch, which, to some extent, 
may have increased their power of resistance ; but no doubt 
whatever can reniain as to the importance of using only dry 
and well-seasoned timber in construction. 

The comparison of the ultimate resistance of timber to 
compression and tension, respectively, as given in the last 
column, is very important : it will be seen that in mahogany 
and English oak the numbers are practically equal, while in 
boxwood the tensile resistance is double the compression : in 
the others the excess ranges from Y^ to J*^*, the comparison 
being with the column ** Very Dry'' in compression. 
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290. In order to determine the law of the strength of long 
pillars of timber, the following experiments were undertaken 
by Mr. E. Hodginson on Dantzic oak and Red deal : — 

291. Table, showing the Law of the Strength of long Solid 
Pillars of Timber^ as depending on the Lateral Dimensions 
and Form of Ends. 

DANTZIC OAK. 





Length. 


Side 

of 

Square. 


Deflec- 
tions. 


Weight 
Greatest Resistance. 


Remarks. 




Inchea 


Inches. 


Inches. 


lbs. tons. 




I.* 


60.5 


1.7s 


0.15 


3197 = 1.427 


Both ends ronnd. 


II. 


if 


II 


0.40 


6109 = 2.730 


One end round, and one flat 


III. 


»♦ 


»i 


0.13 


96*5 = 4. 3 


Both ends flat. 


IV. 


48 


II 




9229 =4.12 




V. 


30.15 


II 




'4i305 = 6. 386 




VI. 


29-75 


11 




«3,o83 = 5.841 




VII. 


46.1 


1.02 


— 


1754 = 0.783 




VIII. 


»» 


1.50 




7888 = 3.521 





BED DEAL. 





Length. 


Side 

of 

Square. 


Deflec- 
tions. 


Weight 
GreatestResistanoe. 


RemarlLs. 


IX. 
X. 

XI. 


Inches 

58 

■•{ 
•■{ 


Inches. 

2 

1. 414 

by 
2.828 

1.15 

by 
3.46 


Inch&s. 
0.24 

< 
S0.42 


lbs. tons. 
",993=5.354 

7681 = 3,43 
4349 = 1 . 941 


Bent in direction of diagonal. 

( Sunk by bending in the di- 
rection of the smaller side. 

II II 



292. The lines I., II., and III. point out very clearly, 
by a comparison of the weights of greatest resistance, that 
the strength of long pillars, with both ends flat, and well 
bedded, is three times greater than the same piece with its 
ends rounded ; and that the pillar with one end rounded, and 
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one flat, has double the strength of that in which both are 
rounded. This truth, which is identical with that derived from 
like experiments on cast iron, &c., points out the great value 
of a true and uniform bearing in all pieces of timber which 
have to act in any framing or structure under compression. 
The area of transverse section of these pillars being 3.0625 
square inches, the resistance in line III. amounts to 1.4 tons 
per square inch, which is about one- third of the ultimate 
strength of the short specimen of Dantzic oak in the Table, 
§ 288, showing that the incipient crushing had not commenced 
with that proportion of strain. 

In lines IX., X., XI., the ratio of the sides of the trans- 
verse sections are, i to i, i to 2, and i to 3, respectively, as 
shown in the woodcut, the area being in all very nearly 
four square inches. 





<- 3«46 



rf 




293. Let us from these experiments endeavour to find the 
power of the diameter m, or of the side of a square prism to 
which the strength is proportional, the length being constant, 
and the pillar so long as not to be crushed by the breaking 
weight. For this pui-pose the above Table will, in lines VI I. 
and VIII., supply the results of six experiments upon pillars 
of Dantzic oak, each 46.1 inches long; from which it appears 
that a pillar 1.02 inch square, sank down, and had its greatest 
resistance overcome by a mean weight of 1754 lbs., and ano- 
ther 1.50 inch square by 7888 lbs. Now, as the ratio of 1.02 
to 1.50 is the same as i to 1.47, we shall simplify the calcula- 
tion by using the latter numbers. 

Therefore, i"» : 1.47"* : : 1754 : 7888 

, ..m . 7888 



and 



•47' 



1754 



Hence, proceeding as in pages 93 and 239, we have 

m = 3.902 ; 

so that the -Strength is nearly as the fourth power of the side. 

W ith respect to the inverse power of the length, Mr. Hodg- 

kinson remarks — " The great flexibility of such long and 
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slender pieces as would have been necessary to give sufficient 
variety in their length — and for the length of the shortest to 
be a sufficient number of times the thickness, that it would 
not be sensibly crushed by the breaking weight — convinced 
me that it would be as well to seek for this power hypotheti- 
eally as to endeavour to obtain it by experiments, which 
would probably be unsatisfactory." He therefore assumed 
(after trying some other hypotheses less successfully) the 
strength of timber to be inversely as the square of the length, 

so that -^ represents the law we are seeking, which, as men- 
tioned in page 85, was the simple conclusion of Euler ; and if 
the pillar be of rectangular section, a being the greater side, 

and b the lesser, the expresison becomes -j^. 

294. We must next proceed to determine, from Table, § 291, 
the constant for long square pillars of each of these two species 
of timber, taking the inch as the unit for lateral dimensions, 
and the foot for lengths, as is most usual in practice. From 
the average of four experiments on Dantzic oak, line III., we 
have, proceeding as in § 127, page 95, the value of the con- 
stant — that is, the deduced strength of a pillar one foot long, 
and one inch in the sides, equal to 26085 lbs. ; and the average 
of three experiments, line VIII., gives 22999 lbs. Taking the 
mean of these two values, we obtain 24542 lbs., or 10.956 
tons, which for facility of computation we may call 1 1 tons ; 
and thus with 

d* 
Dantzic oak, W== 11 x ~. 

And with red deal we have in like manner, from the mean 
of two experiments, in line IX., the pillar being two inches 
square, the constant equal to 17511 lbs., equal to very nearly 
8 tons. Hence with 

Red deal, ^= 8 ^, 

• 

in both the length being taken in feet, and the side of the square 
or other rectangular dimensions in inches. We may now, 
therefore, extend the comparison given at the end of § 236 ; 
and, taking again the strength of a long flexible pillar of cast 
iron as 1000, and of wrought iron consequently 1745, that of 
Dantzic oak will be represented by 108.8, and Red deal by 
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78.5, all being of the same size. These numbers, except the two 
last, were all computed from pillars with rounded ends. The 
several numbers are not, it will be perceived, in the ratio of 
the numerical constants, being also dependent on the different 
indices of the dimensions, and the constants for timber having 
reference to square pillars, which will, therefore, be greater 
than if they had been derived from circular columns of a dia- 
meter equal to the side of the square pillar. 

In the pillars of timber with rounded ends it was found 
necessary to place rounded caps of iron uf)on the extremities, 
to prevent them from being crushed. These square pillars 
were found to bend in a plane passing diagonally through op- 
posite angles, as was also observed in cast iron. In the 
case of beams, square in the cross section and strained trans- 
versely, it will be shown that they are weaker when the dia- 
gonal is in the vertical than when the opposite sides are in 
vertical and horizontal planes. 

295. The following experiments on short pillars of Teak 
wood will serve to prove the latter part of the proposition in 
§ 286, that the resistance of timber to compression, when not 
long enough to yield by flexure, is proportional to the area of 
section in action. Twelve cylinders were prepared of | inch, 
I inch, and 2 inches in diameter, and of a height double the 
respective diameters, four of each diameter, the eight last 
being cut from the same piece of wood. The pressure was 
exactly in the direction of the axis of the pieces, the ends of 
which were turned truly perpendicular to that line. 

296. Table, showirtg that the ultimate resistance of short 
pillars of wood to a compressive force is z;i proportion to: the 
area of the specimen; ends flat. 



Diameter. 


Crushing Weights. 


Ratio of Weights. 


Weight per Sq. Inch. 


Inches. 

I 
2 


Lbs. 

2439 
1017,1 

40304 


1.00 
4.17 

'6.53 





The areas of the several sets of specimens being as i , 4, and 
1 6, it appears from the third column that the larger pieces 
bore relatively rather more than the smaller. 

2 N 



274 PRACTICAL APPLICATIONS AND EXAMPLES. 

PRACTICAL APPLICATIONS AND EXAMPLES. 

297. The utility of timber as applied in practical construc- 
tion to resist compression, both in permanent and temporary 
structures, is of the highest character. In Foundations, as 
used for permanent bearing piles, under massive public build- 
ings, and under the abutments and piers of bridges, it is in 
many cases indispensable : for instance, when the natural 
ground is of such character that it cannot be relied upon to 
sustain the weight intended to be placed upon it without any 
eventual yielding or settlement — ^in such sites whole timber 
balks pointed and shod with iron, are driven vertically into 
the ground, from 1 8 to 30 feet deep, according to local circum- 
stances, and the depth at which firm ground may be reached. 
The lateral distances being from 3 to 4 feet, centre to centre, 
and in lines at right angles to each other, so that the area of 
the intended foundation is divided into squares with sides 
of the above lengths, a pile being at each angle. For about 
a foot or 1 8 inches in depth the heads of the piles are, after 
being driven to the intended depth, surrounded by abed of 
concrete, and, being cut off truly level, horizontal sills are 
laid, and fitted upon the pile heads, to which they are firmly 
spiked or bolted, and the intervals between the sills being 
also filled in with concrete, a strong close planking is spiked 
down upon them, on which the masonry is commenced. In 
the more massive structures a second series of sills is laid 
over those immediately on the pile heads, and at right angles 
to them, and the intervals being filled in with rubble masonry 
or brickwork, the planking is then spiked - down on this 
second tier. The piles being thus firmly held in their in- 
tended position by the lateral compression of the ground 
along their whole depth, and their heads yet more solidly 
supported by the surrounding concrete and framing of sills 
and planking, cannot be looked upon as isolated supports ; on 
the contrary it is impossible for them individually to bend 
laterally, as long pillars, under their load ; nor can the whole 
of them collectively sway together in any one direction ; for 
the area of the foundation is always surrounded by a close 
wall of sheeting piles, driven vertically, which sustains them 
all within its lines, and also acts to prevent the ground in 
which they are driven from being disturbed by any external 
action, such as running water, &c. It is therefore quite im- 
possible to regard the bearing piles as long flexible columns. 
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but rather in some degree as short specimens, which must 
yield by actual crushing. 

298. At London-bridge, the whole structure weighing 
about 120,000 tons, rests upon 2092 bearing piles, which 
gives about 60 tons per pile ; and as they were driven at in- 
tervals of 4 feet apart, centres, each supports the weight due 
to 16 square feet of the lowermost course of masonry. In 
general we may take the area of the pile heads as from 1 2 to 
14 inches square, at a mean about 170 square inches for the 
area of the head, which would give for the London-bridge 
0.353 tons per square inch of pile head, or 50.8 tons per 
square foot. 

299. The bearing piles and platform sills, planking, &c., for 
the piers of this bridge are shown in plan and section, figs. 202, 
203, and were specified to be of Elm, Fir, or Beech timber, not 
less on an average than 12 inches diameter in the middle, be- 
tween the head and point, and 20 feet long, properly shod with 
good wrought-iron shoes, not less than 35 lbs. weight each, and 
during the driving to have each a good wrought-iron hoop 
around the head, weighing 30 lbs. All the piles to be 
driven not less than 18 feet below the under side of the respec- 
tive platforms, not including the length of the shoes. 

The heads having been cut off level and even, sills not less 
than 1 2 inches square (of either of the same descriptions of 
timber) to be laid, and fitted solidly on the pile heads in the 
transverse direction, and firmly spiked to each pile with 
jagged wrought-iron spikes 18 inches long and i^*^ inch 
square. At right angles to these, and crossing them over 
the pile heads, other sills to be laid and spiked down, having 
the same dimensions, and in the same manned as the first- 
mentioned. From 9 inches below the pile heads up to the 
level of the upper sill the spaces to be filled in with concrete 
brickwork, and good stone masonry grouted in ; finally, 
planking well fitted, close jointed, and 6 inches thick, of £lm, 
Fir or Beech to be laid in mortar between the timbers, and 
firmly spiked to the upper sills with spikes 12 inches long 
and I'** inch square. 

300. Sheeting piles to be driven around the entire founda- 
tion of the piers, the timber being Fir, not less than 1 2 inches 
square, the whole to be well straightened and planed, and 
driven perfectly close, to be connected together with half 
timber fir walings, well bolted and secured to the piles, which 
are to be hooped and shod with wrought-iron shoes not less than 
36 lbs. weight each . The above sheet piling to be pitched 1 8 
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feet long each pile, and this part to be commenced previous 
to the main foundation, in order to facilitate getting down to 
the required depth for the foundation. It will be perceived 
that no part of the weight of the superstructure rests on the 
heads of the sheeting piles, avoiding thus a grave error m 
practical construction, which may be too frequently observed, 
especially along the front of retaining walls. 

301. It is usual in specifying for bearing piles to state that 
they are to be driven until, with a certain number of blows from 
a ram of given weight, they shall not sink more than a stated 
fraction of an inch. Most probably, however, the elder 
Rennie knew by the experience of some other work the dense 
and uniform character of the London clay, which, covered 
with a variable thickness of gravel, underlies every part of 
the bed of the Thames, and, therefore, may have felt himself 
secure by only ordering that the piles should be driven to a 
stated depth. The event, at least, has justified his practice 
in this particular case, as his noble work stands without the 
slightest observable settlement in any part. 

302. The action of the thick planking, and of the double 
series of massive sills above described, is evidently to distri- 
bute the weight of the superincumbent structure uniformly 
upon each pilehead, and also to render the resistance of the 
piles themselves to a uniformly distributed load more equable, 
each of these essential points being secured by the resistance 
of the horizontal sills, as beams, to flexure ; the superstructure 
being thus rendered safe from all danger of unsightly and 
injurious settlements above. 

303. The bearing piles under the piers of the Royal Bor- 
der bridge over the Tweed, the structure of one of the piers 
of which is shown in figs. 204, 205, R^e stated by Mr. 
Bruce in his paper describing its construction, vol. x., Min. 
Proceedings Inst. Civ. Eng., to carry each about 70 tons. 
" The standard of intensity which was fi'xed for the driving 
of these piles was one inch by 150 blows at the end of the 
driving ; but in two of the piers the driving did not average 
more than one inch by 20 blows. This, though experience 
has proved it to be sufficient, is considered too easy driving 
to be trusted with such a load, if circumstances admit of their 
being driven harder." The pile engine worked by hand 
had a ram of i; cwt., with a fall of 16 feet, and the Nasmyth 
steam pile-driver had a ram of 30 cwt. falling through 3 
feet, and a fixed weight of 42 cwt., that is, of the case or 
frame, &c., which rested on the pile head during the driving. 
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The bed of the river consisted of a firm, sound gravel, resting, 
in some cases, on solid rock. The arches were semicircular, 
the span being 6i ft. 6 in. ; the greatest height abov^ the 
bed of the river being 1 26 feet. 

304. The bearing piles were chiefly of American Elm, as 
it was found to stand the hard driving better than Memel, 
which required to be so often cut off at the head and re- 
hooped, when driven by Nasinyth's pile-driver, that the delay 
and expense in driving them was very great when the ground 
was hard. The cost of driving amounted to is. ^Id. per foot 
for the Elm, and 2s. 6d. for the Memel piles. The shoes 
with which they'were pointed were of cast iron, and weighed 
38 lbs. each. 

The comparative cost of driving with Nasmyth's engine 
and the common hand-ram is very much in favour of the 
former. The hand-ram driving cost 2*. per lineal foot, and 
the steam-piler is. oid.in like circumstances — namely, in the 
bed of the river, and not surrounded by others, or enclosed by 
the coffer dam. The hand-ram gives one blow in every four 
minutes, and the steam-piler 240 blows in the same time — or 
60 blows per minute. 

305. If the total weightof any structure at the lowest course 
of footings has been ascertained, and the foundation should 
require to be constructed artificially on bearing piles, we may 
calculate the number of such bearing piles that must be 
driven when these two preliminary points have been deter- 
mined, namely, the greatest load per unit of surface, either the 
square foot or the square inch, to which the kind of timber 
should be subjected ; and secondly, the most convenient and 
economical dimensions for the timber of the piles, whether 
round or square, at the locality of the works ; from these two 
data we compute the load each pile can sustain, and, dividing 
this number into the given weight of the structure, the quotient 
will be the number of piles required. It only remains, then, 
80 to distribute them over the area of the foundation that each 
pile may support its due proportion of the weight, and to 
mark their position on the plan of the base, figuring their 
distances from centre to centre. 

Thus, suppose the total weight on the base of the river 
pier of a viaduct amounted ^to 6650 tons, and if it was 
deemed prudent to limit the pressure on the heads of the 
bearing piles, say to 54 tons per square foot, which is equiva- 
lent to f '^ ton per square inch, and also that the dimension of 
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the head found most suitable at the locality was 1 3 inches 
square ; we have, consequently, 

13 ^ 13 >< 8 = 63.375 tons 

as the load for each bearing pile, which divided into the total 
weight gives 

6650 -r- 63.375 = 105 as the nearest whole number. 

These arranged at 4 feet from centre to centre would 
give support to the cap sills for a flooring 25 feet by 57 ; there 
being 15 piles in each line, and 7 such lines. Experience has 
pointed out that it is necessary to give the same solidity to 
the artificial foundation under the cutwaters, though they 
only extend up to the springing of the arch, as to that part 
immediately under the pier itself. 

If the bearing piles had been of round timber, 15 inches 
in diameter, then the area of the head will be equal to 
(U X 15^^=) 176.8 square inches, and 176.8x1 = 66.3 tons 
per pile, so that a less number at somewhat greater distances 
apart might be employed in this case. 

The following rule is given by Arthur Morin, from Ron- 
delet, namely, that ** bearing piles in foundations may be 
charged with a weight of 30 to 35 kilogrammes per centi- 
metre square," equivalent to about 0.19 to 0.2223 ^^^^ per 
square inch, or from 27.4 to 32 tons per square foot of the 
pile heads. 

306. To drive these very piles into the ground, a weight 
in the ram of the pile engine of about 15 or 20 cwt., falling 
freely from 1 5 to 18 feet, is employed ; great care is conse- 
quently required in the operation lest the timber should be 
split, and so destroyed, or the head damaged by the blows it 
receives, although finally its duty will be to sustain for ages, 
without any subsidence, a statical load so far out of all pro- 
portion to that which forces it down, affording a practical illus- 
tration of the great difference between impact and pressure. 

A pile may be trusted for temporary work to sustain about 
1 5 tons when driven, so as not to sink more than J'** inch with 
1 5 cwt. weight falling 6 feet. 

307. The piers of viaducts of masonry are generally de- 
signed so as to have a continually increasing area from the 
springing of the arch downwards, both by a batter, or outward 
slope, on every face, and also by bevilled offsets at intervals, 
and still more by the projection of the courses of footings. 
If a due attention to the bed bonding of the courses and to 
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the dimensions of the stones on the outer face has been given, 
then the uniform distribution of weight on the timber plat- 
form will be secured, and its amount per unit of area not 
greatly augmented with the increase of height; all this care in 
the design seems at first sight to be reversed below the 
masonry, for the flooring is supported on the sills, whicli are 
about one-fourth of the platform, and these again on the heads 
of the piles, wliich terminate with the points of the iron shoe. 

But though bearing piles are generally specified to be 
driven through the loose upper strata about two feet into firm 
ground, it is not this alone that secures the structure ; the 
whole area being, as already mentioned, enclosed by close 
sheeting piles outside the line of the platlbrm,itia evident that 
the ground inside must be greatly compressed by driving such 
a volume of timber into a confined space, and this increases the 
friction on the surfaces of the piles, and also counteracts their 
bending under the load, to which circumstances their eSi- 
ciency as' supports must be chiefly attributed ; moreover, the 
concrete and rubble around the pile heads and under the sills 
give considerable lateral support to them, and also directly 
to the planking, and so far relieve the bearing piles. 

It is necessary to state that the great expense of timber foun- 
dations has been obviated in many recent structures by the use 
of Portland cement 
concrete, which sets 
into one solid mass 
like B level bed of 
rock, and cannot set- 
tle down even into the 
loosest ground, when 
it is properly enclosed 
in close sheeting piles, 
as will be mentioned 
under that heading. 

308. The wood 
engraving illustrates 
by a vertical section 
the method offiiilure^ 
ofashortpillar oftim- 
her. During the rais- 
ing of one of the tubes of the Britannia bridge the bottom of 
one of the hydraulic presses by which it was being lifted blew 
off: and, in the words of Mr. E. Clark, "On the occasion of the 
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failure of this press, the extremity of the tube fell on to a bed 
of soft deal planks, piled loosely on each other, about 4 feet 
high, and about 12 feet by 5 feet in superticies; the tube beings 
about i^ inches above the planks, and compressing them 
through a space of about 7 inches, the bulk of the weight of 
half the tube, or about 1000 tons, was, at the same time, 
supported by an internal column of elm 14 inches high, and 
14 inches square, which continued to support a crreat part of 
the weight, althougii crushed, as in the sketch." The frac- 
tured beams and side pillars of the internal cast-iron frame 
permitted the central pillar, which was uninjured, to transmit 
to the timber pillar placed immediately under it the enormous 
weight above mentioned. It will be observed that the crush- 
ing of this piece of timber took place in an inclined plane, 
making about 48° with the horizon, analogous to that of cast- 
iron, as shown in pages 77 to 82. 

309. In the commencement of the railway system, timber 
viaducts were extensively employed, but experience has 
proved that their comparatively low first cost, and the ad- 
mitted facility and rapidity of erection that they allow of, 
does not compensate for their want of durability. Meantime, 
the successful introduction of wrought iron has led to their re- 
construction generally with girders of malleable iron in pre- 
ference to the continual expense of maintenance, or of com- 
plete renewal, indispensable with the original material. 

In these countries, which have long ceased to supply 
native timber for home consumption, all that is employed 
for these purposes is imported (to the extent of nearly 3^ 
million loads per annum), and in which iron, on the other 
hand, is so abundant and so largely exported, it was not to 
be expected but that the vastly more durable home material 
'would soon completely supersede the other, especially when, 
as in the laminated arches of timber, and some other forms of 
superstructure, the supports were constructed of masonry, 
easily adapted to bear horizontal wrought-iron girders at the 
required level. At the present day, when the proper propor- 
tions of iron beams are so well understood, and their cost so 
much reduced, no engineer would be justified in proposing to 
cross a valley by means of a timber structure,* unless some 
very cogent reasons could be assigned for the preference. 

310. The late Mr. Brunei employed timber most exten- 
sively in the lines he completed through Cornwall and South 
Wales, for which he has given some very original and suc- 
cessful designs. That crossing the flat valley of the Tawe, 
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1760 ft. wide, at Llandore, near Swansea, though not the 
loftiest, is perhaps the best example, and the local circum- 
stances seem to justify the use of timber in it. 

The Admiralty decided that the headway for navigation over 
the Tawe should be 75 feet above ordinary high-water mark, 
and the width of the stream required a span of 100 feet in the 
clear. The low and marshy character of the land on the east 
side, covered with several feet of peaty soil, and constantly 
overflowed by the river in floods and at high spring tides, 
would have formed a bad foundation for an embankment 
leading up to the Tawe, at the height rendered necessary by 
the level of the line of rails, as regulated by the headway 
over the river above mentioned ; a very high rate of compen- 
sation was also demanded for the land itself 

On the west side, the proximity of the summit level be- 
tween Swansea and Carmarthen, which it was necessary to 
attain in a short distance by a rapid gradient, opposed any 
lowering of the line of rails whatever the means of support 
adopted, and many buildings had to be cleared away, even for 
the narrow viaduct employed, rendering the purchase of land 
for it expensive — much more had the wide base of an embank- 
ment to be provided for. The number of openings also required 
to suit the river, the canal, the tramroads, and railway, and pub- 
lic and private roads, were an argument in favour of some form 
of continuous viaduct, i^istead of an embankment pierced 
at every crossing by a separate arch, with its costly wing 
walls, &c. The ground was also considerably underworked by 
coal mines, and the depth to the first coal-measure was only 
about 200 feet, so that arches of masonry, which are so easily 
injured and even destroyed by the least subsidence of their 
piers, would have been unsafe in such a position. Borings 
carried down to about 30 feet showed the general character 
of the soil to be blue clay, sand, gravel, and boulder stones. 

It may also be stated in favour of using timber in this via- 
duct, that the site of the works, so near a large port, and 
over a tidal stream, obviated all the expense of cartage over 
country roads, which is a considerable item in the cost of such 
structures when erected over inland or secluded valleys. 
Such are some of the local circumstances, as given by Mr. 
Fletcher in his account of this work ; and it must be evident 
that no general rule can be given ; the designs and the mate- 
rial employed must, in each case, be lei't to the discretion of 
the Engineer, who should be guided in his selection and mode 
of construction by the circumstances of the locality, and 

2 o 
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the facility of obtaining different materials, and also by the 
purposes which the work was intended to serve. 

311. The supports, or legs, asjthey were termed, of the 
main span, Plate'XI V., Fig. 206, acting as piers, consisted of 16 
timbers, each 16 inches square, at either abutment, or 32 in 
all, arranged in groups of foui^ each; the three next the river 
were vertical in elevation, and bolted together by nine screw 
bolts i^" in diameter, forming a pillar 16 inches by 48, 
and about 62 feet high ; the fourth sloped backwards at the 
rate of i in 10, so that each group had a section 16 inches 
by 64: all are fitted into cast-iron shoes, resting on oak sills, 
laid on piles, which are waled on the face, for protection 
against the river traffic. A sufficient platform for the cast- 
ings and sills at the base was obtained by driving bearing 
piles into the ground on the river bank, on which the hori- 
zontal sills were bolted. The raking piles, four on each side» 
gave great stiffness in the longitudinal direction, and trans- 
versely this was secured by diagonals between the contiguous 
sets of legs, and by the batter of i in 10 given to two out- 
side ones at each abutment. 

The legs supporting the 42 feet spans. Fig, 208, &c., and all 
smaller openings, were five in number, one under each truss; 
those supporting the outer trusses have an inclination of i in 
I o, whilst those supporting the centre and intermediate trusses 
are perpendicular. All these legs are composed of two pieces 
of timber 12 inches by 14 inches, fastened together by inch 
bolts, at intervals of 6 feet apart. The timbers composing 
the two intermediate legs are blocked 9 inches asunder, to 
allow the passage of the diagonal strut between them. These 
legs are capped and shod with castings at the top and bottom, 
and stand on a sill 2 feet 8 inches by 9 inches ; no holding 
down bolts were found necessary for the castings or the 
sills, either on the masonry or on the pile foundations. The 
legs are held at the right distance from one another at the top, 
by short struts, pockets for them being prepared in the castings 
terminating the legs. Two wrought-iron bolts, one inch 
diameter, one on each side of the strut, pass through the five 
caps on the top of the legs, and are tightened up by nuts on 
the outside of the outer castings. 

Transverse rigidity is given by diagonals 9 inches by 9 
inches, butting into castings, and passing between the inter- 
mediate legs, opened for this purpose. 

From the very detailed and clear statements of the author 
we may deduce the total weight and weight per unit of "area 
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at the foot of the legs, taking the timber at 50 cubic feet tp 
the ton. 

The half main span — 

Tons. 

Timber, 70-65 

Cast iron, 5.50 

Wrought do., ^1-^5 

Permanent way and greatest running 

load, 110.00 

The half 64 feet span — 

Timber, cast and wrought iron, . . . 28.00 
Permanent way and greatest running 

load, 64*00 

Weight of each pile, 62 feet long, very 

nearly 2 tons, and 16. on each bank, . 32.00 

328.00 tons. 

. this divided by 16 gives the total pressure at the foot of each 
pile at 20.5 tons, which divided by the area (i6*=) 256, 
gives about -^^^^ of a ton per square inch, or 11 .6 tons per 
square foot. 

In speaking of the trusses the author remarks : *< The pine 
timber m compression was calculated to bear ^^ of a ton per 
square inch ; but where there were three trusses abreast in 
one span, the strain on the centre truss was allowed to exceed 
this by 50 per cent., which would give i*^ ton per square inch." 

The 42 feet spans, supported as above mentioned, com- 
pressed the feet of the vertical timbers at the rate of about 8 
tons per square foot, or ^^ of a ton per square inch. 

312. The South-Eastern Railway from London to Dover is 
carried along the coast on a timber viaduct, fi^s. 2 1 o, &c., near 
the foot of the cliffs, at about high water line, close to its 
entrance into Dover. The several series of piles, three in 
each stack or pier, are driven into the firm ground at intervals 
of 2 1 feet from centre to centre. If we suppose that trains 
are passing simultaneously on the up and down line, and that 
the weight of the engines, permanent way, girders, &c., on 
each line, amounts to 2 tons per foot forward ; it follows, as 
we have 10 feet longitudinally on each side resting on one 
stack of piles, that it must support about 80 tons in the 
total, or 27 tons on each pile. The uniform distribution of 
the load on each pile is very well effected by the strong and 
rigid crowntree 12' x 24" deep, formed of double balk of whole 
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timbers bolted together, the uppermost being of greater length, 
in order to give width for a footway for' the workmen attend- 
ing to the permanent way, &c. The strong waling pieces on 
each side of the piles, 1 2 inches deep by 6 wide, bolted through 
and throilsh, at the level of high water, in effect shorten uie 
piles as pillars, and so obviate their bending ; the struts B 
throw a portion of the weight off the centre pile on the two 
outermost, and also resist any lateral movements. 

313. The timber pier constructed by Mr. Brunei at New 
Passage, on the east side of the Severn, is shown in transverse 
section in fig. 212, and in side view in fig. 213. It serves to 
carry the line of the Bristol and South Wales Junction from 
high water line to deep water, where the steam ferry-boats 
can come along side at all states of tide, and from the flatness 
of the shore is necessarily of great length. The piles are,* it 
will be seen, double balks of timber, about 14 inches square, 
bolted together, which, as the distance from land increases, 
are of considerable length, the extreme rise and fall of the 
tide being nearly 30 feet ; accordingly when it was impossible 
to obtain timber of sufficient length to form them in one piece, 
two or more breaking joint with each other, as shown at A, 
were superimposed, a plate of wrought iron being placed 
between the butt ends of the balks and turned up at each end; 
the whole secured by a strap of wrought iron bolted on the 
face of the joint, and fastened by screw bolts through both 
the jointed and the continuous pile; the double piles are 
pointed with single cast-iron shoes, and were driven together 
by a pile engine, with a ram of proportionate weight striking 
both pieces simultaneously. Waling pieces and diagonals of 
half balk, bolted through and through, secure and stiffen the 
piles in the transverse plane. 

The section of the girders, which consist of two whole 
balks bolted together vertically, and short corbelling pieces 
are shown at B ; it will be observed that the double piles are 
each cut away at the head on the inner face for half their 
thickness after being driven, forming an excellent shelf for 
the support of the beams, the weight coming directly on the 
grain end, the two half piles not cut away staying them up 
laterally ; the outermost pile is scarfed to receive a strong post 
supporting the hand rail, as shown at D. 

The spans, or distances between the several successive 
stacks of piles, were about 20 feet, and at about every tenth or 
twelfth opening diagonals of whole timber, intersecting in the 
middle of the span, were placed, which braced together two 
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contiguous piers or stacks, forming an abutment so as to 
resist any tendency in the pier to move in the direction of its 
length — a precaution quite necessary from the exposed position 
and heavy sea often occurring in this part of the Severn. A 
strong planking, 6 inches thick, supports the ballast in which 
the longitudin^ sleepers are bedded, in the same manner as 
on any other part of the line ; and it will be observed that the 
rails are not immediately placed over the line of girders, which 
has the effect of distributing the passing loads more generally 
on all the horizontal and vertical supports. The section shown 
in fig. 212 gives the construction at about one-half the distance 
from the land to the end. 

The whole terminates with a T head containing all the 
necessary appliances for goods and passengers, and stairs with 
landings at different depths to suit the state of the tide. 

Iron has been successfully applied in structures with 
the same objects as those in the two last-mentioned works 
formed of timber, and in localities in a great degree similar, 
that is, in carrying a line of ridlway along the head of a tidal 
bay or estuary within high water line, and also as a jetty or 
pier to enable the rails to reach isufficiently deep water. 

314. Mr. Hawkshaw has carried the line of the Sheffield 
and Huddersfield Bailway over a deep valley on a timber 
viaduct 1050 feet long, and adopted a principle of construc- 
tion very simple and efficient in character, resembling a 
staging. The piers are placed at distances of 16 feet apart 
on the average, and are founded on a base of rubble ma- 
sonry, on which are laid horizontal sills; vertical pieces of 
timber rest on these, and support the girders, which, at such, 
short spans, require no trussing ; each pier is well secured trans- 
versely by diagonals ; and, as the outer piles have all the same 
rate of slope, the transverse length of the sills which form 
their bases on the masonry increases in proportion to the 
depth of the valley, which at the greatest was about 108 feet: 
and on the face of this outer slope diagonals are bolted, 
uniting the several supports in the longitudinal direction. 

This form of timber viaduct has great resemblance to 
those which have been erected on some lines in Norway and 
other countries, having abundant supplies of native timber ; 
with us it has this advantage, that the substitution of a 
viaduct in arches of masonry, or with wrought iron girders, 
can easily be effected without interruption to the traffic. 

31$. The duration of the planking under the ballast may 
be taken at about twelve or fourteen years ; and that of the main 
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timbers at nearly double the above period. Much, however^ 
depends on the seasoning of the wood when first put in. 

316. Table, giving a Statement which will serve to paint out 
the comparative Cost of Viaducts constructed of different 
Materials: — 



Name, and Material 
used in Constrnetion. 


Length. - 




Cost per Foot 
forward. 


IKON. 

Cmmlin, 

Deepdale, 

MA80NRT. 

Loekwood , 

Lugar, 

BBICK. 

Chappie, 

Hownes Gill (if for doa- 
ble line), 

TIMBBB. 

Landore, 

DenbjDale, 


15GG 
740 

1428 

75 » 

113G 
730 

• 

1 760 
IG7G 


2 GO 
160 

136 
162 

6g 
162 

88 
ig8 

• 


£ «. d. 

26 

27 7 

24 8 
42 

18 10 

28 7 

16 6 
14 



So that, if the very varied circumstances of locality, &c., 
do admit of comparison, the cost of bridges of timber seems to 
be about 60 per cent, that of the other materials. , 



DIRECT RESISTANCE OF STONE, BRICK, AND CEMENT, 

TO A COMPRESSING FORCE. 

317. Stone and Briok. — The direct resistance of stone to a 
compressive force varies from about 11 tons to half a ton per 
square inch, according to the formation from which it has 
been taken. 

The experimental proofs have been derived from a number 
of different authors, using very different apparatus, and were 
generally undertaken with a view to obtain data for the de- 
tails of some particular work, at the site of which they were 
carried on. 
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318. Table, showing the ultimate Resistance of various Kinds 
of Stone and Brick to a Force of Compression. . 





Lbs. per 


Tons per 


Colnmn 




Weight 


Cubic 


Designation of the Stone. 


Square 


Sqnare 
Foot. 


to.cmsta, 
Feet 


Sp. G. 


lbs. per 


Feet to 




Inch. 




Cnb. Ft 


a Ton. 


Mr, Mallet. 














QUABTZ. 














Across Lamina- lbs. 


( 












tion, . . . 25500 














Parallel to, . . 14000 














Average, .... 


>975o 


1270 


17 145 


2.6545 


166 


13-5 


Slate. 














Across Lamina- 














tion, . . . 19500 














Parallel to, . . 18000 














Average, .... 


18750 


1205 


1J665 


2.7545 


172 


13 


Mr, Ftdrhaim. 














GRAyWACKB, 


16893 


1086 


14064 


2.766 


172.9 


12.95 


Granite, . . 


13124 


842 


"3*5 


2.66 


166.5 


13.45 


Sandstones, 














Across Lamina- 














tion, . . . 1062 I 














Parallel to, . . 9187 














Average, .... 


9904 


646 


19477 


2.414 


152.7 


14.67 


Mr. K Clark. 














Limestone, 


7339 


471 


6433 


2.6545 


166 


13.5 


Sandstone, 














Very dry, . . 2043 














Damp, . . . 1285 








1 
1 




Very wet, . . 1085 














Set in cement \ ^ - 
6 inch cube, ] 39*5 


























Average, .... 


2185 


134 


2351 


2. 118 


131 


17 


Mr, G. B. Bruce. 














Sandstone, 














From near Berwick and 














Alnwick. Strongest, \ 














362 tons, weakest, 67 | 


3034 


195 










tons per square foot, ) 














Mr. J. R. Walker. 














Fire Brick. 














Stourbridge, . . . 


1501 


96 


1728 


2.00 


124 


18 


Brick. 














Blue, Staffordshire, . 


1389 


89 


1513 


2.118 


131. 5 


17 


Brown do. 


1 120 


71.8 


1213 


2. 131 


132.7 


16.9 


Highest, 1 15 tons, low- 7 
est, 5 3 tons per sq. ft. > 








- 


















Mr. E. Clark, 














Brickwork, both as 














set in cement and 


521 


35-5 


583.7 


2.^57 


128 


'7-5 


between deal boards. 















28'8 PRACTICAL APPLICATIONS AND EXAMPLES. 

319. The experiments on quartz and slate by Mr. Mallet 
form part of his interesting investigation on the transmission 
of earthquake waves ; they were made with great care at the 
Woolwich testing machine, and may be regarded as Tcry 
accurate. It would, however, add greatly to the value of all 
experiments on compression if the cubical form was altogether 
laid aside for one in which the height was at least one and a- 
half times the side of the base. The cube may give too high 
a result if the plane of least resistance should make an angle 
greater than 45® with the horizon. Those by Mr. Fairbaim, 
also, though on small pieces, had the advantage of E. Hodg- 
kinson's skill and experience, and were, for the most part, of 
a height one and a-half times the base. 

Mr. E. Clark, in these as in all his other experiments, was 
remarkable for employing actual direct vertical weight without 
the aid of a multiplying lever, and his results are therefore 
highly trustworthy. The dimensions of his specimen pieces 
were also much greater than usually employed ; the limestone 
was in cubes of 3 inches in the side, and the sandstone of the 
same size, one however, being a 6-inch cube ; that 9^-inch in 
the side resisted the greatest power of the apparatus. 

The brickwork was built into 9-inch cubes, weighing on 
the average 125.6 lbs. per cubic foot, 
The best quality and highest resistance 
was 612.7 ^^^' P^r square inch; the 
lowest, set between deal boards, was 
417 lbs. per square inch, which is only 
f*^ of the former ; these bricks were 
manufactured on the site of the works 
at the Britannia Bridge, and seem to have been of a quality 
much below those to be obtained from well-established brick- 
works; thus single bricks of the following places bore as 
under : — 

Britannia, Birkenhead, Buckley Mountain, 

1022 lbs. 1775 lbs. 2130-3 lbs. 

per square inch, all having been bedded in cement ; with these 
weights they were completely crushed to powder. It would 
seem also that single bricks give higher results than the same 
when built together with cement. 

All the limestones were obtained from the quarries at 
Penmon, on the north side of Anglesea ; they formed perpen- 
dicular cracks and splinters a considerable time before they 
were finally crushed. The sandstones, which were from Run- 
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corn on the Mersey, all gave way suddenly, and without any 
previous cracking or warning. After fracture the upper 
portion generally retained the form of an ihverted square 
pyramid, about 2^ inches high, and very symmetrical, the 
sides bulging away in pieces all round. It was absolutely 
necessary to ascertain the ultimate resistance of these three 
building materials which were so severely strained in the 
towers, both permanently, and especially during the raising 
of the tubes. 

320. The Britannia Tower is 221 feet 3 inches high, 
with a batter of i in 36 on all sides, the base being 60 feet by 50 
feet 5 inches. The foundation stones are placed on a stepped 
bed blasted in the rock, which consists of chlorite schist. 
The courses vary in height from 3 feet 3 inches to i foot 8 
inches : none of the courses beneath the tube are less than 
2 feet. 

The tower is not solid; two internal rectangular wells 
extending from the basement to the level of the tubes. 

This magnificent tower contains the following quantities 
and weights of material: — 

Cabe feet. 

Anglesea limestone, . . . 1 5 1 1 5 8 
Runcorn sandstone, . . . 1 27001 
Brickwork, 684 11 

Tons. 

346570 ^ 24700 

Cast iron bed plates and beams, . . . 479 

Two tubes, 4000 

Junctions and castings, ..... 380 

Total in tons, . 29559 

The area of this tower at the base is 1 847 square feet, conse- 
quently the pressure on each square foot amounts to 16 tons, 
^r yV*^ ^^ ^^ ultimate resistance of the solid limestone. A 
simple vertical prism or uniform column of this limestone one 
foot in the base and 216 feet high, that is 5 feet less than that of 
the tower, would press on its foundation with 1 6 tons ; this will 
serve to show th6 skilful distribution of the stone in this 
tower, which, though 221 feet high and carrying the additional 
load of the tubes, weighing 4000 tons, has only that pressure 
of 16 tons per square foot on the base. The internal face of the 
walls of th^ rectangular wells were all vertical, the exterior 
having the batter of i inch in 3 feet; this reduces the thick- 
ness from 10 feet 6 inches at the base to 8 feet at the level of 

2 p 
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the bottom of the tubes ; above that they also diminished in 
thickness and the campanile at top was open. 

" In raising the tube, the vertical pressure on the masonry 
of the abutments amounted to 500 tons upon 10 square feet, 
or 50 tons per foot superficial, exclusive of joints, being about 
one-eighth ofits crushing weight in the experiments." 

<< The side towers, which are 18 feet less in height than 
the central one above mentioned, weighed, with 382 tons of 
cast iron, about 18,000 tons; this, together with 2500 tons, 
the weight of two tubes, gives a pressure of 13 tons per 
superficial foot on the lower courses of the masonry." 

321. In ecclesiastical structures, both ancient and modem, 
we have some instances of very great pressures, especially at 
the intersection of the nave and transepts, where four piers 
of masonry have to sustain a tower or spire, when built over 
that point of the cross, or the weight of a dome, as in some 
of the more recent cathedrals. 

322. The following instances are taken from a statement 
given in Gwilt's Encyclopsedia of Architecture (Ed,^ 1867). 

The piers bearing the domes of the several buildings 
named are computed to bear the weight per square foot at the 
base placed after each : — 



Piers of the Tower of the Church of 

St. Mary, 

Pantheon at Paris, . . ^ . 
St. Paolo, near Rome, . . 
St. Paul's, London, . . . 
St. Peter's, at Rome, . . . 
Hospital of the Invalides, at Paris, 



Tons per 
Square Foot. 



27 

26.934 

18.123 

17.705 

14.964 

13598 



It is not possible to add to this statement the proportion 
which each of these numbers bears to the ultimate resistance, 
as we do not possess either the name of the particular stone used 
in each structure, or any experiments on their several ultimate 
powers of resistance, except in the case of St. Paul's, which 
was built of the oolite, from Portland. If we take the general 
average of this stone from the experiments of the Institute of 
British Architects, we find that the brown bed had an ulti* 
mate resistance of i .68 tons per square inch, which is equal 
to 241.92 tons per square foot, or 13.7 times that given in the 
above statement as to that cathedrsl. 

323. The chapterhouses attached to ancient Gothic cathe- 
drals were of a polygonal form in plan, with either eight or 
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ten sides, and vaulted over with a stone roofj supported com- 
monly on the exterior walls, and on a single central pillar, the 
diameter in the interior being from 30 to 40 feet. Th^t at 
Elgin in Scotland is stated to have withstood for centuries a 
pressure of 40.000 lbs. per square foot, which is very nearly 
18 tons. The stone is probably a hard sandstone. 

324. In the grain warehouses built at Plymouth by Sir 
John Kennie, the bkses of the masonry piers, consisting of 
rubble, in courses with good mortar, the material being the 
hard limestone of the district, are computed to sustain a weight 
of 22 tons per square foot; they were 4 feet square, and had 
through courses at intervals of 6 feet. 

325. In Brickwork, it is probable that the examples 
of the highest direct pressure will be found in the lofty chim- 
neys of chemical works and manufactories. 

The total height of the great chimney at Edinburgh is 
34 X feet 6 inches; the bed of the foundation was a hard clay 
shale ; the masonry, being 40 feet 6 inches square at the bot- 
tom course, had an area at the base of 1640 square feet, and 
the total weight being 4000 tons, the pressure amounted to 
nearly 2^ tons per square foot. The total height above 
mentioned is divided, so that 77 feet 6 inches are allotted to 
the foundation and square pedestal of stone, and 264 to the 
brickwork of the shaft proper, the thickness of which was 
diminished towards the top by five successive steps. Com-* 
mencing at the top, we have the following dimensions : — 

Sacceadye Depths Thickness, 

from the Summit. Inches. 

83 ft. ... V .. 15 

58 .■ 20 

48 25 

40 30 

35 • 35 

264 feet, 

the internal diameter at the top being 1 1 feet 4 inches, and 
at the lower part 20 feet. In calculating the weight and 
pressure of each division, it was found on the first not to ex- 
ceed 4^ tons per square foot ; in the middle it had increased 
to 7 tons, and at the base to 8 tons per square foot. The 
strength of ordinary brick being estimated at 20 or 30 tons 
per square foot, all anxiety was done away with ; but a brick 
formed of a compound of fire-clay and ironstone from tho 
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neighbourhood being found to bear a far greater weight than 
this, it was adopted. 

326. Other considerations in addition to those of resistance 
to pressure must, in these structures, be satisfied — ^namely, 
their power to resist oversetting by the force of the wind, and 
this not at the base alone, but also at different points in the 
height. Assuming any horizontal section, we have for its 
stability, omitting the cohesion of the cementing material, the 
product of its weight into the radius of the base, and, taking 
the pressure of the wind as having only ^^ of the effect on a 
cylinder to that produced by the same on a plane equal to the 
vertical section through the axis, its moment will be found 
by multiplying the total force so computed into half the 
depth from the top to the assumed section. Now the weight, 
down to 83 feet from the summit, is 270 tons; and thia, mul- 
tiplied into the radius of its base, was four times greater than 
the product of the utmost known pressure of the wind into 
J'^ of the section of the shaft for the upper 83 feet, into half 
that height. At other points the stability was found to be 
rather less than this, being equal to 3f^ at the base. 

The chimney at St. Bollox, near Glasgow, was 455 feet high, 
tapering upwards from 41 feet diameter at the base to 13 feet 
at the summit. 

^27. The following additional examples have been calculated 
by Mr. C. Cowper : — The chimney at Adkin's soap works, 
near Birmingham, is 3 1 2 feet high, the pressure on the base 
was 6 tons per square foot, and on the foundation below the 
footings i^ tons per square foot. It has been much reduced 
in height, not, however, owing to any defect in the base, but 
rather to the corrosion of the brick at the top, owing to the 
large quantity of muriatic acid which was constantly passing 
up it. The chimney of the Patent Lap-welded Tube Works, 
near Birmingham, is 145 feet high, and the pressure, owing 
to six large flues being cut through it, is 8^ tons per square 
foot of the hexagonal base. A glassliouse cone, 75 feet high, 
with large arches in the four sides, had 4 tons per square 
foot on the piers ; which is, perhaps, as much as should be 
allowed wheil the brickwork is exposed to great heat. 

328. From all that has been now given, we may deduce 
the rule that masonry, of any material, should not be loaded 
permanently above -^^^ of its ultimate resistance to com- 
pression. It has been well remarked that the weakest stone, 
and even inferior brick, are seldom found really crushed in 
buildings. But in the actual practice of construction, we 
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must retnember that structures are liable to various occasional 
and accidental pressures, and to others of a permanent kind, 
resulting from settlement, and other causes, of which no pre- 
vious account can be taken, for which allowance must, never- 
theless, be made. The pressure on the beds of each course 
may not be uniformly distributed ; and if the resultant should 
approach the external surface, some flushing, as it is called, 
or vertical cracks and splinters, begin to appear, especially if 
the beds of mortar have been too thin, and the stone of one 
course has come into actual contact with that next to it. 

However well the beds of stone, even of Aisler work, may 
be dressed, the contact, if there be no cementing material be- 
tween them, takes place in some few small portions or points 
only, at which, under severe pressure, crushing must begin ; 
and, if these should be near the outer edge, vertical cracks or 
splinters chipping off, according to the nature of the stone, 
soon make their appearance. In fact, the true object and 
utility of a bed of mortar must be to take complete impres- 
sions or seals of the two contiguous surfaces of the stone, and 
effectually separating them, though by a very thin bed, trans- 
mit the pressure from one to the other at every point of the 
surface, and obviate the danger above-mentioned. 

329. Portland Cement, after a rather unpromising 
commencement, has at length obtained a very high degree of 
favour with Engineers and Architects, both on the Continent 
and in Great Britain, especially in works exposed to water. 

Compared with Koman cement, it has the advantages, 
1st, of being adapted for use, both as an hydraulic mortar, 
when mixed with sand in any proportion desired, and 2ndly, 
for concrete also, either in foundations or as backing to front 
work, and even as grout. It is also claimed for it, 3rdly, that 
it sets harder than the rival cements now nearly supplanted by 
it ; but it has not the property of quick setting, as compared 
with the natural cements, Pozzolano, Tarras, &c., or the arti- 
ficial manufactures called Roman, Orchard, &c., cement. 

For a length of time the manufacturers had a diflSculty in 
preparing it for builders, to be employed in mouldings, and 
as external plaistering ; but this, to a great extent, is now 
overcome. It is sold in the form of a very fine powder, and 
derives its name from its resemblance in colour to the oolite 
stone from Portland Island, the colour, when of good quality, 
being a, light warm pearl grey. 4 

The process of manuiacture may best be described in the 
words of Mr. G. F. White :— 
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^' Chalk and clay, mixed in certain definite proportions, 
are carefully ground together in water, and the mixture is 
then run off into backs or reservoirs. After attaining a 
specific consistency, it is artificially dried, and is then removed 
to the kiln for calcination, which operation is carried to a 
much greater extent than that needed for lime and Roman 
cements. 

*^ It is next delivered to the mill for grinding, and, after 
being sifted, is packed for use, the important points of uni- 
formity in colour and in time of setting having been previously 
ascert^ned." 

This simple process requires, however, great practical 
skill and unremitting attention ; the selection of its two well- 
known and simple ingredients demands also much care and 
judgment. 

It is chiefly manufactured on the banks of the Thames and 
Medway, the clay being obtained from the creeks and bays 
between Sheerness and Maidstone, and the chalk from the 
contiguous quarries at its outcrop, in the immediate neigh- 
bourhood. The clay, should be as free from sand as possible, 
and the proportion in which it is used depends on the quality 
of the chalk with which it is to be incorporated. In the white 
chalk districts the clay forms 25 to 30 per cent, of the whole 
bulk, the chalk being, consequently, 75 to 60 per cent. In 
the grey chalk districts the clay varies from 16 to 20 per 
cent., and the chalk consequently from 84 to 80 per cent. 

330. The Roman cement, called also Parker's cement from 
its discoverer, who brought it into use in 1 796, is manufactured 
from nodules dredged up from the clay at the Isle of Sheppy, 
which is calcined, broken into small pieces, and ground into 
a fine powder. It probably derives its name from its red 
colour, which somewhat resembles the volcanic ash imported 
from Givita Vecchia in the Roman States — a material which it 
has now, in a great degree, superseded. The Tarras, or Trass, 
so much used in Holland, is a volcanic ash, shipped generally 
at Andernach, on the Rhine, where that river intersects the 
range of extinct volcanoes of Central Europe. 

Ever since the time of Smeaton, who pointed out, when 
investigating the question as to the best description of lime 
to be used in the construction of Eddystone Lighthouse, 
that hydraulic limes contained a natural mixture of clay in 
the stone from which they wore derived, it has been diligently 
sought by Vicat, Paisley, and others, to manufacture an 
artificial water cement. The final success which has attended 
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Portland cement is due to perfecting sundry points of detail, 
such as the degree of calcination, &c., and not to any im- 
proved theory on the subject. 

331. The tests to which it is generally subjected are three : 
— I, resistance to a tensile force ; 2, specific gravity ; and 3, 
what is called the water test. For the first, a specimen or 
briquette is formed in a carefully constructed mould, which 
gives the shape shown in elevation and end view in fig. 219. 
The dimensions of the narrow central part are always i^ inch 
by i|, which gives a transverse section of 2.25 square inches ; 
the specimens, when being tested, are held vertically in the 
clips, fig. 220, applied as in fig. 221, which is then placed 
under tne short arm of a steel yard balance, and broken. 

The specific gravity is taken by ascertaining the weight in 
pounds of the striked bushel. We have here an example of 
the confused, irregular, and unscientific £nglish weights and 
measures. The standard of capacity is the imperial gallon, 
containing 10 lbs. weight of water, and the bushel is 8 
gallons, or 80 lbs. of water, so that it is equal to 1.2841 cubic 
feet. Approximately, we have the cubic foot to the bushel 
nearly as the area of a circle to the square of its diameter, or 
II to 14; and, therefore, 21 bushels are nearly equal to one 
cubic yard. In general every tenth sack or cask should be 
taken at random, the weight per bushel ascertained, and suf- 
ficient of the dry powder reserved to make a few specimens 
for the trial of its tensile strength. 

The water test is very useful when no means are at hand 
to apply the two former, and consists in gauging a small 
quantity of the dry powder with sufficient water, and imme- 
diately immersing it in water, when, if the sharper edges crack 
or break away after a short time, the cement, of which it 
was a sample, must be set aside, either as being too hot and 
fresh for use, or as being inferior in quality. 

The weight of good Portland cement ranges from 100 to 
130 lbs. per bushel, which is equivalent to from 80 to 102 
lbs. per cubic foot ; the lighter kinds, which are less highly 
calcined, setting much more rapidly than the heavier; but 
being far weaker both neat and when mixed with similar pro- 
portiops of sand. 

The bulk that the purchaser receives will, of course, 
always be inversely as the specified weight per bushel. 

Thus io6f '*^* lbs. per bushel gives i cubic yard to the ton, 

and 130 lbs. per bushel only 17.23 cubic feet to the ton. 
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332. The test specified by Mr. Bazalgette, at the com- 
mencement of the Main Drainage of London, was, a tensile 
resistance of 400 lbs. on an area i^ x i^ inches, equal to 2.25 
square inches, after seven days' immersion in water, and a 
specific gravity such that a bushel should weigh no lbs. 

This was altered in the second specification, as far as ten- 
sile strength is concerned, to 500 lbs. on the 2^*^ square inches, 
the weight remaining the same. 

The clause, as last amended, is as follows : — *' The 
Portland cement shall be of the very best quality, ground 
extremely fine, weighing not less than 112 lbs. to the striked 
bushel, and capable of maintaining a breaking weight of 250 
lbs. per square inch, seven days after being made in a brass 
mould, and immersed in water during the interval of seven 
days. The contractor shall, at all times, keep in store upon 
the works a supply of cement equal to at least fourteen days' 
requirements ; and, with each delivery of cement, shall send 
to the Clerk of Works a memorandum of the number of 
bushels sent in, and the name of the manufacturer." 

The weight of 250 lbs. per square inch is equivalent to 
562.5 on each specimen 2 J inches square. 

The specification of the French engineers, who imported 
this cement in large quantities from England, for blocks of 
beton in breakwaters prior to its adoption here, is, when 
changed into our measures — 

Specific weight, . . . 103 lbs. per bushel. 
Tensile strength on 2J 

square inches when neat, 140 lbs. in 2 days. 

„ „ 280 lbs. in 5 days. 

530 lbs. in 30 days. 



55 >» 



When mixed — cement, i part ; 
sand, 2 parts, . . . . 140 lbs. in 5 days. 

280 lbs. in 30 days. 



55 >» 



The average results of the tests of the Metropolitan Board 
of Works up to 1 865 have been, that the cement weighed 
1 14.15 lbs. per bushel, and bore a tensile strain of 600.8 lbs. ; 
equal to 270 lbs. per square inch; thus it has been^above 
proofin both these respects, so that all objections against their 
standard, as being too high, would seem to be not well founded. 
This average weight is equal to 19.62 cubic feet to a ton. 

If we desire to turn the resistance in lbs. on the area of 
2^'** square inches into lbs. per square inch, multiply by 4 
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and divide by 9 ; and if into lbs. per square foot, multiply by 
64; or, if into tons per square foot, divide by 35. 

333. Objections have been raised against the mode of ascer- 
taining the specific weight. Mr. Bramwell states that " A 
quantity of cement was poured into a bushel measure by a 
man accustomed to the work, and struck off level. It then 
weighed 107 lbs. Another portion of the same cement was, 
secondly, poured slowly out of the sack down an inclined board 
into the bushel measure, and it then only weighed 97 lbs. ; it 
was then shaken down in the measure, and the weight got up to 
132 lbs." By a method analogous to that by which the 
specific gravity of gunpowder is obtained, Mr. firamwell as- 
certained that the specific gravity of the above cement was 
3. 1 1 ; so that if it could be obtained in a state of perfect solidity 
it would weigh 249 lbs. (= 3.1 1 x 80), and not 107 lbs., as put 
into the bushel measure in the manner above mentioned. It 
is evident, therefore, that ascertaining the weight of this 
material, or, indeed, of any granulated substance, by pouring 
it into a measure, is liable to extremely varied results, even 
with the greatest care. ^ 

** The present method of ascertaining the relative weight 
seems to act as a premium for coarse grinding ; for the same 
cement as above, being sifted through a sieve having 900 holes 
to the square inch, gave, for that which would not pass through 
144 lbs. per bushel when shaken down; and lor the finer 
portion, which did pass through the sieve, 130 lbs. ; the treat- 
ment being, in each case, tiie same as that which gave the 
132 lbs. per bushel above mentioned." 

As to the test by tensile strain, it has been remarked, as 
an objection to this, that in the same cement this varies with 
the quantity of water used in gauging it : about one-fourth of 
the weight of the cement is the least that can be used. Two 
samples were prepared of the same cement, one mixed with 
^'^^ the other with ^ its weight of water ; the former broke with 
244 lbs., the latter with 90 lbs., at the end of ten days in both 
cases. 

The same workmen are, however, generally employed at 
the testing operations on large works ; and they will acquire, 
in time, an identical method of performing their duties, so that 
the comparison between different deliveries will stand good, 
and point out any falling off, or the contrary, in the quality 
supplied, though not absolutely correct. 

Architects and engineers who may require but small 

2 Q 
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quantities on works where the expense of a testing machine 
(about £50) would not be justified, must at all times feel 
anxious as to the quality they receive, so much bad cement 
being always in the market. It is usual, under such circum- 
stances, to specify that the cement shall stand two winters 
without any sign of failure ; and this stipulation has been suc- 
cessfully enforced in cases where bad material had been at first 
employed. 

334. The tensile strength of this cement increases with 
age, both when used neat and when mixed with various pro- 
portions of sand. The diagram, fig. 222, taken from Mr. 
Grant's paper on Portland cement, exhibits this important 
result. The horizontal scale represents Time, at one inch to 
a month ; and the vertical scale represents Weight, at half 
an inch to 100 lbs. 

Each vertical ordinate shows the number of pounds with 
which the cement broke under the tensile force, on a sectional 
area of 2:^ square inches, every numbered result being an ave- 
rage often tests; the specific weight being 112 lbs. per 
bushel. The specimens were kept in water during the whole 
time between being moulded and tested. The strength of 
neat Roman cement, the weight of which is generally 80 lbs. 
per bushel, is shown in the darker line, where written. 

The Roman cement has, from fig. 222, evidently the same 
property of increase of strength with age that the Portland 
exhibits ; but its relative inferiority remains unaltered, having, 
at the end of the year, but little more than one-third of the 
ultimate tensile resistance of the other. 

The importance of using clean sharp sand in making mor- 
tar, and of washing the inferior qualities before mixing, has 
long been recognised ; and the diagram, fig. 222, in the 
second, third, and fourth curved lines, confirms this in the 
case of cement. Mr. Grant has found that the increase of 
tensile strength with washed sand, compared with the same 
when unwashed, ranges from 30 to 35 per cent. 

The diagram, fig. 223, exhibits the relation of the strength 
to age for a still longer period, both when neat and gauged 
with one of sand to one of cement. The weight of the cement 
was, in this diagram, 123 lbs. per bushel; the sectional 
area and circumstances of immersion being the same as in 
the series of experiments represented in the other diagram 
fig. 222. It is intended to continue these experiments for a 
total period of ten years. At the latter end of the third 
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year the strength seems rather to have passed the maximum 
point. 

3 3 J. Looking along' the numbers in the three lines in 
which the proportion was one cement to one sand, it will be 
perceived that the rate of increase of strength rapidly gains, in 
proportion, upon that of the neat cement. Thus, loamy pit 
sand, in which the increase was only 21.8 per cent, at the end 
of a week, and 45.5 per cent, at the end of a month, had, at 
the end of a year, increased to 65.1 per cent, of the strength 
of the neat cement. With the use of clean pit sand, the cor- 
responding line for equal proportions shows that the gain is 
much greater, increasing from 34.2 per cent, at the end of a 
week to 74 per cent, at the end of a year. 

336. Table, showing the increase of the Tensile Strength of 
Portland Cement as the Weight per Bitshel is increased. 



Average 


Tensile 


Average 


Tensile 


Average 


Tensile 


Weight 


Resistance 


Weight 


Resistance 


Weight 


Resistance 


per 


on '2'25 sqr. 


per 


on 2-25 sqr. 


« PI*" , 


on 2 25 sqr. 


BuaheL 


inches. 


fioshel. 


inches. 


Bushel. 


inches. 


lbs. 


lbs. 


lbs. 


lbs. 


lbs. 


lbs. 


106 


472.6 


114 


699.7 


123 


673.6 


107 


592.3^ 


"5 


705.5 


124 


819.9 


log 


650.1 


116 


768.3 


"5 


816.2 


109 


646.6 


117 


718.4 


126 


657.2 


no 


708.3 


118 


644.1 


127 


864.6 


III 


693.8 


119 


777.9 


128 


916.6 


112 


687.5 


120 


732.3 


129 


920.2 


"3 


7GI.5 


121 


705.6 


130 


913.9 






122 


716.6 







337. The above results prove in general, that "weight, 
when legitimately obtained by burning and good manufacture, 
is strength," though some exceptions do occur, as, for instance, 
with 118, 123, and 126 lbs. per bushel; each result, however, 
is deduced from a large number of experiments on a total of 
327136 bushels. It thus appears that adding one-fourth to 
the weight, that is raising 106 lbs. to 130 lbs., nearly 
doubled the tensile strength, which was 472.5 and 913.9. lbs. 
repectively. 

It is important to know that the lighter cements set more 
rapidly than the heavier, and are consequently at times em- 
ployed in practice when that property is of value, even though 
ultimately not so strong as the heavier ; thus, in the beds and 
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joints of the front work of masonry exposed to running water 
soon after being built, it would be essential to employ some 
lighter Portland cement for a few inches in from the face, or 
even another description of cement, as Orchard or Medina. 
Koman cement has been very generally used to point the 
beds and joints of masonry set in hydraulic mortar, when the 
work was exposed to a rising tide. 

If the strength of a light cement be compared with that 
of one weighing much more, both being prepared at the same 
time, a very misleading result may be obtained if the compa- 
rison is made too soon ; for the light cement very early arrives 
at its greatest strength, passing that of the other, which more 
slowly arrives at its highest point, and in the end greatly ex- 
ceeds the lighter specimen. 

338. The ultimate resistance of Portland cement, and its 
compounds with sand, under a compressive force, has been in- 
vestigated by Mr. Grant, chiefly in relation to that of the 
various descriptions of bricks and stone employed on the works 
of the Metropolitan sewerage, and in pieces of the same shape 
and size as the bricks, namely, 9" x 4.25 x 2.75'', all being laid 
on the flat, so that the Brea, compressed was about 9 x 4.25. 
The results are, therefore, limited to a comparison between 
these materials when of that particular form, and when laid on 
the larger face so that the height was less than either of the 
other dimensions. Some few, however, were in the form of 
cubes and prisms. 

Taking the average of the good stock bricks, and excluding 
the results of those of the highest quality formed of fire clay 
and of gault, we find that the resistance, when crushing first 
commenced, amounted to nearly 6 tons ; and, on the other 
hand, that of a mixture of one of Portland cement and five of 
sand, age 3 to 6 months, to about 1 2 tons, or twice as strong ; 
so that the cement brick would have borne a much larger pro- 
portion of sand, before its power of resistance to compression 
had been thereby reduced below that of the stock bricks. 
• These experiments have led to the expectation that bricks 
formed of this cement and sand might be found a cheaper 
building material than those formed of burnt clay, but 
nothing has yet been done in that direction. 

Concrete, with proportions of i cement to 10 gravel, 
crushes at 1 5 to 1 6 tons per square foot, age 3 months, and 
costs from 10 to 14 shillings per cube yard. 
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339. Table showing the Resistance to Compression of Blocks of 
various Substances. The Crushing Force was taken at the first 
Symptoms of Failure.. 



MATERIALS AND PROPORTIONS. 


RESISTANCE TO COMPRESSION. 


PORTLAND CEMENT CONORBTB. 

Cement, i ; Thames ballast, 6. Size, 1 2 in. 
cube ; Age, 9 months. 


Lbs. per sqr. 
838 


Tons per sq. 
foot 

54 


BLUE LIAS LINE CONCRETE. 






Lime, i ; Thames ballast, 6 ; two specimens 
12 in. cube, and one 12 by 7 1, and 6 inches 
in height. Age, 9 months. 


178 


= 11.5 


BRICKWORK. 






Bailt with i Portland cement and i sand ; 
Height, 9 inches, and area of base, 166.5 
sqr. inches on the average. Age, i year. 


^58 


= 16.6 


PORTLAND CEMENT BLOCKS. 






Bearing area in all, 144 sqr. inches ; Height, 
from 10^ to 12 inches. Age, i year. 






^eat Portland Cement. 


Not crushed with 100 tons. 


Cement. I Sand, i 


1478 
1167 

731 
404 

358 


75 

47 
26 

23 


I 2 


>♦ * ..•«... ,, «■.... ••• 

1 -J 


11 * M J 

I A. 


>> * 11 ** 

1 C 


n • • 11 J .......•• ..• 



The result above given for Portland cement concrete, 
namely, 54 tons per square foot, is the average of five experi- 
ments ; a sixth is given, but it would seem to have been ano- 
malous, as the resistance amounted only to 17 tons. The 
average of all six would be 724 lbs. per square inch, or 46.6 
tons per square foot. 

Comparing the resistance of the blocks made with cement 
and those of blue lias lime with the same proportions of 
ballast, it will be perceived, from the two first experiments, 
that the former has nearly five times higher resistance to 
compression, and therefore it has very generally superseded 
the other for the foundations of heavy structures. 
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340. Table, founded on ijS Experiments, showing the Bests- 
tance of Portland Cementy 8fc, Sfc. to Compression. 



Bbick-shaped Specimens, ayeraob 
9 X 4.25 X 2.75. Surface under 


AGE OF SPBCIMElfS. 








PRESSURE, 9 X 4.25 = 38.25 squares. 


Three 
Months. 


Six 
Months. 


Nine 
Months. 




Tons. Tons. 


Tons. Tons. 


Tons. Tons. 


Neat Portland Cement 


42 . . 65 


58 .. 92 


37 ..102 


I vol. of Cement, i vol. of Sand, 


29 .. 43 


33 .. 59 


64 .. 78 


'11 II 2 „ „ 


26 .. 34 


25 .. 47 


51 •• ^2 


I II II 3 »i »' 


20 . . 24 


19 .. 37 


33 .> 41 


I 11 II 4 M i» •••■ ••• 


21 .. 23 


10 .. 31 


25 . . 38 


I II II 5 11 n 


10 . . 16 


12 .. 26 


19 .. 29 



The first columns show the resistances at the earliest signs of giving way ; the 
second, when the specimens were finally crashed. 

The following Memoranda are interesting and useful : — 

341. Table, showing the Averages of two Series of Experiments 
as to the Quantities of Portland Cement^ Sandy and Water^ 
used in mahing one Cubic Yard of Compo or Cement Mortar • 
The Quantities are given in Bushels. 



Ratios OF 
Cement and Sand. 


I to I 


I to 2 


• 

I t03 


I to 4 


I t05 


Cement, 

Sand, 

TV AwVI^a ••• ••• 


Bushels. 
12J 


Bushels. 

16} 
5 


Bushels. 

6i 
•9* 

4f 


BusheU. 
5i 

20i 

5i 


Bushels. 

4.2 
20.9 

5.3 


Totals, 


3* 


30* 


30* 


31 


30.4 



The average being 30.74 bushels to make one cubic yard, 
or 21.2 bushels of mortar ; so that the shrinkage is nearly one- 
third. Multiplying the bushels of water by 8, we obtain the 
number of gallons of water required in each case. 

342. The weight of a cubic yard of concrete formed of i 
cement to 8 Thames ballast, wet as put into the work, is 
30^ cwt., or nearly one ton and a-half per cubic yard, and, 
consequently, 1 8 cubic feet are equal to one ton. 

In the form of concrete the shrinkage of the cement 
and gravel, omitting the volume of water employed, is 
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about 25 per cent. Thus, the large blocks used at Dover 
pier, containing 112 cubic feet when moulded, required 
about 13 cubic feet (i. e. 10.2 bushels) of dry cement, and 136 
cubic feet of dry shingle, giving a total of 149 cubic feet, from 
which if we take 37 cubic feet, or one-fourth, the remainder 
will be equal to the finished block. The proportion of cement 
to shingle above mentioned is about one to eleven, which 
experience proved to be suflScient at that work. The shingle 
was taken from the beach, and is described as " consisting of 
large and small clean shingle and coarse sand, in nearly equal 
proportions." 

If, therefore, the drawings of any work showed that a cer- 
tain volume of concrete would be required, by adding one-third 
we obtain the total quantity of materials to be provided, and 
one-twelfth of this will be equal to the cement required, if 
the ratio be one to eleven. Thus, if 3600 cubic yards of con- 
crete are shown in any design, it will require 4800 cubic yards 
of materials, that is, 4400 cubic yards of gravel or shingle, 
and 400 of cement, or nearly 8480 bushels. 

The following experiment nearly confirms the above. 
Gravel and Lime, mixed in the proportions of eight to one, 
namely, 11664 measures of gravel, and 1458 of lime (a total 
of 13 122 measures), made 10368 of concrete, showing a 
loss of bulk equal to 2754 measures (13 122 - 10368), which 
gives 21 per cent. 

On the gravel alone the volume is diminished rather more 
than II per cent., namely, 11664-10368= 1296. A con- 
tract in which 2000 cubic yards of concrete were employed, 
showed that 2200 cubic yards of gravel were required. 

343. Statement of the quantities used in making brickwork 
blocks in compo, composed of Portland cement and river sand 
in equal proportions, each block being a 3 feet cube, or 
one cubic yard. 

The cement weighed 112 lbs. per bushel, and each block 
contained 384 bricks, which were about 9X 4. 17x2. 75 inches, 
and averaged about 105.16 cubic inches. The results give 
the average of three experiments. 
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MATERIALS 
EMPLOYED. 


BURHEL8. 


CUBIC FEET. 


Cement, 

Sftod) 

Bricks, 


3.40 

3.40 

17.78 


4.3^ 

4.36 

22.83 


Totals, 


24.58 


3'«55 



It would thus appear that the shrinkage amounts to 14.4 
percent.; a volume of 31.55 cubic feet of materials forming 
27 cubic feet in the work. From these experiments we may 
compute that a rod of brickwork (which contains 16J feet 
X 16^ feet X i^ feet, and has therefore a volume of 3 06 J cubic 
feet, or 1 1 J cubic yards), formed with materials identical in 
every respect with the al30ve, would require 38.5 bushels of 
cement, and 38.5 bushels of sand, and 4352 bricks, amounting 
together to 357.5 cubic feet as against 306.25 cubic feet in 
the work. 

344. The practical applications of Portland cement are so 
numerous, that it may be said to have given to Civil Engineers 
and Architects a new building material rather than a new cement 
solely ; and though it has not originated the use of concrete — 
which, when formed of suitable hydraulic lime, has done such 
good service in foundations and backing of retaining walls — 
yet It has widely extended its application by the confidence 
now felt in its superior strength* 

The making of this cement has indeed almost reached the 
importance of a national manufacture ; and as about one-third 
of its prime cost is due to the coal employed in the process, it 
must remain in the hands of those who possess a cheap supply 
of fuel. The following historical account of its applications 
has been taken from Mr. White's paper, vol. xi., " Proceed- 
ings, Inst .Civ- Engineers." Alluding to the method of build- 
ing under water, by artificial blocks of concrete let down into 
place, he says : — 

" Some account oithe employment of Portland cement for 
concrete blocks in the Government works of this country and 
of France will afiford the best criterion of its adaptation for 
such purposes. 

" At the Government harbour of refuge works at Dover, 
under the superintendence of Messrs. Walker and Burges, 
these blocks are extensively used for that part of the hearting 
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of the breakwater which, being under low-water mark, cannot 
be filled in with concrete en masse. The cubic contents of 
these blocks vary from 45 feet to 120 feet, and the weight 
from 3 tons to 7 tons, the dimensions of width and depth 
being generally equal, and the length about twice the width. 
The composition and the mode of construction are very 
simple. 

345. " One cubic foot of cement, measured dry, is mixed 
with I o to II cubic feet of shingle from the beach (consisting 
of large and small clean shingle and coarse sand in nearly equal 
proportions), in a box holding as much material as will form 
one block, the cement and shingle being spread in alternate 
layers until the box is full. One side of the box being then 
withdrawn, the contents are allowed to fall gradually on to 
the mixing platform, where water is added, and the concrete 
is made, which is then shovelled into moulds of the required 
size, in which it is allowed to remain about 24 hours, until it 
is suflSciently set to permit the sides of the mould to be re- 
moved. The blocks so made then stand for eight or ten days, 
and are then conveyed either into their positions in the work, 
or are more usually piled up for stock. The holes for the 
lewises penetrate two-thirds of the entire depth of the block, 
and are formed during the filling process, by inserting bevelled 
wooden plugs, which are withdrawn when the block is hard. 
The labour attendant 011 cutting the lewis holes, as in stone 
blocks, is thereby saved, and the risk of fracture is also dimi- 
nished by the precaution of forming the holes nearly, if not 
quite, through the block. It will, however, give some idea of 
the cohesive power of the concrete to state that on the tenth 
day after being made, blocks of 3 and 4 ton« weight have 
been lifted by lew ises sunk only 8 inches into the mass. 

•* The great hardness and cohesive power of these blocks, 
and the success which has attended their manufacture (scarcely 
one per cent, of the whole number made having been broken), 
show this to be a suitable proportion for the blending of the 
materials." 

The proportions, and the shrinkage, have been already 
given in page 303. 

346. *' At the harbour of refuge works of Alderney a simi- 
lar application of concrete blocks is made as at Dover, with 
this difference, that in their manufacture rubble stone, which is 
very abundant in the island, is mixed with the shingle. 

** The proportions adopted are one part of cement, two 
parts of sharp sand, and four parts of coarse and fine shingle ; 

2 R 
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these materials converted into concrete, and thrown into the 
moulds in quantities of 8 or lo bushels at one time, suffice to 
form a layer over the whole surface of the mould. Flat 
pieces of rubble stone, varying in size from 3 inches to 20 
inches in length, are then embedded promiscuously in the 
concrete; and this operation is repeated till the mould is 
filled. The quantity of stone thus incorporated in the block 
is found to constitute about 40 per cent, of the whole bulk, 
and the proportion of cement to the mass is i in 10, as 
at Dover. Lewis holes are formed as the work proceeds, 
and these blocks, like those made at Dover, are ready for 
moving in about ten days. They contain from 60 to 100 
cubic feet, and their weight is from 4 to 6 tons, reckoning 16 
cubic feet to one ton. The degree of smoothness and external 
finish given to the blocks depends chiefly upon the quantity 
of water used in mixing the concrete. If gauged soft, the 
cement will find its way to the sides and surface, and will give 
an even face to the concrete, which in time becomes intensely 
hard, and, as serving to protect the interior from the action of 
the sea when the blocks are used in the face of walls, it is, per- 
haps, preferable to leaving them with a rough and honeycomb 
face, the result of using but little water in mixing concrete. 
It is not, however, found needful to observe this precaution 
at Dover and Alderney, since at both places the blocks are 
used exclusively for the hearting, or for the foundations of 
the walls, and are consequently not in permanent contact 
with the sea and the shingle. [Above low- water mark the ex- 
ternal face of the pier is formed of coursed aisler] . The blocks 
are set by the diving-bell at Dover, and by men in diving 
dresses at Aldjerney, and are bedded dry, their close contact 
with each other and their position in the wall rendering the 
use of cement unnecessary, except to point the joints exter- 
nally as the work proceeds." 

347. *' The blocks made at the important works of the 
Digue, at Cherbourg, where Portland cement is largely 
used, are of enormous size, and are made in a different 
manner to that adopted at Dover or at Alderney. 

"The dimensions of those made at Cherbourg are 12 
feet long, 9 feet wide, and 6 feet 6 inches deep, giving a cube of 
712 feet, or 52 tons. These masses are constructed like rubble 
masonry, without moulds, and are built up at low water in a 
position convenient to the work. When made they are slung 
to pontoons, and floated at high water to the point where it 
is desired to sink them, and then deposited * a blocs perdusy' at 
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the extremities of the Digue, near to the upright wall, in 
order to break the force of the waves at its foot, and to pre- 
vent the disruption of the masonry. The object of making 
blocks of such immense size was to secure their remaining per- 
manently where they are deposited, the calculation being 
that the weaves would not have power to move masses ex- 
ceeding 20 tons in weight. It has not, however, been found 
that even these immense monoliths can always resist the 
motive power of the waves ; for, on more than one occasion, 
thay have been thrown up whole and unbroken from the 
bottom to the top of the breakwater wall, a height of at 
least 30 feet. The mortar used in the construction of these 
blocks consists of one part of Portland cement to three of 
sand, which materials unitedly occupy from 30 to 40 percent, 
by measure of the whole mass. 

348. " Another method adopted in this country of forming 
concrete stone blocks is to mix the cement with the stone 
in a state of grout — that is, mixed with a quantity of water 
sufficient to render it quite fluid. The stone is placed pro- 
miscuously in the moulds, and when one-third full, the grout, 
composed of one part cement and three parts sand, is poured 
in till the interstices are thoroughly filled up. It is true that 
blocks so made require longer tinie for induration than those 
made with cement stiffly gauged ; but their ultimate solidity, 
and the thorough homogeneousness of the mass is evidenced 
by a specimen sawn from the heart of a block made of grouted 
cement, and Kentish ragstone, which has in twelve months 
acquired such hardness that the cement is scarcely distin- 
guishable from the stone to which it adheres. In situations 
where gravel is scarce, and where time can be given for the 
induration of the blocks, this mode may be adopted with 
advantage. 

349. The adhesive quality of this cement as mortar is 
seen by the following experiments by Mr. White to be of 
an intimate nature. 

" Portland cement uniting two six-inch cubes of different 
kinds of stone, with a joint of from one-eighth to one-quarter 
of an inch in thickness; the surfaces cemented together 
being 36 square inches. The result given is the average of 
two or more trials: — 

Lbs. per sq. inch. 

Portland stone, . . .146 
Granite, .... 97 

Bramley Fall, . . . -7^ 
(Dolomite limestone). 
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^* The mixture of four parts of sand with one part of cement 
forms a mortar which may be relied on in ordinary work, and 
is the proportion which has been used at the building of the 
Houses of Parliament. Less sand may, of course, be used; but 
where time is not an object, there seems hardly any limit to the 
quantity of sand which Ihe cement will carry, provided only 
the grit be sharp and clean. 

"In testing the resistance to compression of brick piers 
built with cement, the average resistance was found to be about 
38 tons per square foot. 

350. ** It only remains to mention the application of Port- 
land cement as a stucco. Its agreeable colour, which is suscep- 
tible of further improvement by the addition of any slight 
stone dust, or of white sand, joined to the peculiar property 
it possesses of resisting frost and the formation of vegetation, 
recommend it as an external covering. This power of resist- 
ing frost and the humidity of the atmosphere arises from 
the close contact of the particles, which produces a non-absor- 
bent surface, and thus prevents the disintegration common 
to cement of less density, and renders it a peculiarly suit- 
able material for lining reservoirs, cisterns, baths, &c., and has 
also caused its extensive adoption for the casting of ornamental 
figures, statues, fountains, &c., thus combining the appear- 
ance and durability of stone with the economy resulting from 
the use of the mould, rather than of the chisel^ which, if not 
the most legitimate application of cement, is one which, by 
its increasing demand for objects of art, at a minimum cost, has 
been largely sanctioned and encouraged." 

351. Under the head of resistance to direct compression, 
it has in very many recent works superseded, with great eco- 
nomy, the well known but expensive timber platform on bear- 
ing piles, and even cofferdams have been laid aside by the use 
of cylinders and rectangular caissons of cast and wrought iron, 
which, being open at the bottom and at the top, have been 
forced down through the ground to a firm base by loading 
the upper edge; the interior being excavated, either by 
divers or by scooping, and, on reaching a water-tight 
stratum, are pumped dry, and then filled with cement con- 
crete for a depth of several feet, according to circum- 
stances, upon which the superstructure is raised as upon a 
uniform bed of solid rock. At the Charing-cross Bridge, 
as much as 9 tons per square foot is sustained by the concrete 
within the cylinders. 

In cases where it may not be possible to place this material 
on a dry bed, and where, consequently, the cement is liable 
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to be washed out before setting commences, the concrete has 
been placed in sacks, which were laid, as soon as filled, under 
water, with some attempt at bonding, and in as many courses 
over each other as may be necessary to afford a surface upon 
which to place the loose concrete. It is found that the sacks, 
though somewhat cylindrical in shape, when lowered even- 
tually fit closely, adapting themselves properly before setting 
to the form of the part in which they are deposited. This 
method has been adopted by Mr. Parkes in founding iron 
lighthouses upon coral reefs in the Red Sea ('^ Minutes 
of Proceediugs, Institution of Civil Engineers," vol. xiii.). 
The holes in the uneven surface of the reef were filled up with 
concrete, charged into coal bags, and on the level surface thus 
obtained sheets of tarpaulin, covered with concrete, were 
lowered quietly. In this manner the soft material was pro- 
tected from the action of the water until a mass of several 
tons was collected; a permanent caisson of wrought iron 
plates having been first placed around the site of the base of 
the lighthouse. The process of founding on concrete in sacks 
laid under water, has also been employed by Mr. B. B. Stoney 
with perfect success, in founding a quay wall 20 feet under 
low-water mark, on a loose gravel pervious to water. 

352. As superseding the well-known and expensive timber 
platform on bearing piles for an artificial foundation, the use 
of concrete formed of Portland cement and gravel is now 
almost universal. Thus, at the Victoria Bridge, carrying 
one of the city lines over the Thames, we find the foundation 
for the footings of the piers thus described — rafter having 
mentioned the preliminary works of dredging the bed of the 
river, and enclosing the site of the piers with cofferdams ex- 
tending 4 feet below the level of the intended foundation, 
the water being pumped out, and the clay excavated to the 
depth of 40 feet below high-water mark : — 

" The space occupied by the foundations was next sur- 
rounded by permanent sheet piles driven to a depth of 8 feet 
below the foundation level. Within this sheeting a bed of 
cement concrete, 4 feet in thickness, was formed, and on that 
the masonry of the piers was commenced, the concrete being 
afterwards carried up to the top of the sheet piles round the 
entire circumference of the piers" (''Minutes of Proceedings, 
Institution of Civil Engineers," vol. xxvii., p. 58). The pro- 
portion was one measure of cement to six of clean sharp 
Thames gravel, dredged on the site of the foundations, 
which was screened and freed from excess of sand. 

Subsequently this bridge was widened about 100 feet, 
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and the spans adopted being, of course, identical with the 
existing bridge, the new portions of the piers were constructed 
by cast-iron cylinders 21 feet in diameter, sunk through the 
clay to a depth of 45 feet below high-water mark, entering 
13 feet into the London clay; and the excavated interior 
filled with cement concrete for a depth of 1 2 feet the re- 
mainder, up to low-water mark, was built in with brick in 
cement. If the bridge, as completed, were loaded all over 
with locomotives, the greatest weight on the brickwork in 
the cylinders at low- Water mark would be 6 tons per super- 
ficial foot, and upon the clay at the bottom 5 tons per foot, 
not deducting for the friction of the cylinders. 

353. But it is not only in the work of securing a good foun- 
dation that this material is now employed. Retaining walls 
have in many places been constructed altogetherof concete 
without any facing of stone ; the materials being mixed on the 
spot, are thrown by the shovel into place, and the proper 
form obtained by panelling of planks, which is easily removed 
as soon as that portion has set, and the same planks are ready 
for use again ; one part of cement to ten of good gravel is found 
sufficient, large rubble stones being thrown in with it ; and, 
as none but labourers are employed, the cost is found to be 
from ten to twelve shillings per cubic yard, which is about 
two-thirds of that of rubble work in lime mortar. The new 

* 

and old portions of the wall unite perfectly, even when the 
work has not been carried on for a considerable time. 

As a backing to a coursed aisler facing in dock and quay 
walls, mixed, in this case also, with large rough stone, a great 
economy in time and money has been effected, the lower part 
where exposed to any current of water Being formed richer 
in cement than that above. 

Mr. Grant, in his '* Further Experiments on the strength 
of Portland Cement," has described the following practical 
applications — " In the construction of the southern Thames 
Embankment from the Westminster-bridge to Lambeth, it 
was originally intended to form the river wall of brickwork, 
with a granite facing ; but after a fourth part of the work had 
been executed in this manner — a concrete was substituted for 
the brickwork, the front work being identical all through, 
and 145355 cubic yards of Portland cement concrete, made in 
the proportions of 6 to i , at 1 1 5. per cubic yard, were sub- 
stituted for an equal quantity of brickwork, at 305. per cubic 
yard — a saving of about £13,600 on this part of the work : as 
to the prices above given, it is very probable that in this work 
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the cost of carriage for the cement and the gravel could at no 
locality be less. 

Sewers of considerable size are now formed of concrete of 
this cement. Everything being taken into consideration, the 
most economical combinatiom was found to be an interior 
lining of 4^ inches of brickwork in cement, and all the rest 
in concrete ; in other instances sewers were formed entirely of 
concrete, the proportions being of one of cement to six of 
sand. The cost of this concrete was less than half that of 
brickwork ; but if rendered inside with cement mortar (equal 
proportions of sand and cement), one inch thick, it was about 
the same as if lined with 4^ inches of brickwork. When 
sewers are formed of concrete without rendering or brick- 
lining, a long length of centering is required on account of 
the slow setting of the material, and about double the length 
of trench requires to be opened at one time, a disadvantage in 
busy thoroughfares. 

The cost of a concrete sewer 4 feet by 2 feet 8 inches 
was los. per lineal foot, exclusive of excavation. Under the 
same contract a brick sewer of the same size, 9 inches thick, 
cost i6«. 6d. Another sewer was mentioned, 9 ft. by 9 ft., 
of concrete, with a lining of 4^ inches brick in cement. 
Sewers and culverts of almost any size might be made on 
this principle. 

Mr. Grant also deduced the important conclusion that 
" concrete made of broken stone or broken pottery, was much 
stronger than that made of gravel, due, no doubt, partly to 
the greater proportion of cement absorbed in the latter case 
in cementing the finer particles of sand, and partly to the 
want of angularity in the gravel." 

Mortar of Portland cement when mixed by hand, was 
compared with that mixed in a mortar mill for thirty minutes; 
the greatest strength of that mixed by hand was about double 
that mixed in a mortar mill. The former also maintained its 
strength; the mill-mixed declined from its maximum at a 
month to the end of the experiment. This result was pro- 
bably due partly to the process of crystallization, or setting, 
having been interrupted by the continued agitation, and 
partly to the destruction by attrition of the angular form of 
the particlea. 

The numerous strikea and combinations of late years 
amongst masons, have made the introduction of Portland 
cement concrete more general and rapid, than it would other- 
wise probably have been. Thus in one case a Waterworks 
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company having new filter beds to construct, in the design of 
which large quantities of brick walling were provided, found 
that the completion of the work was likely to be delayed by 
an impending strike, changed the design, and built the walls 
with a facing of brickwork half a brick thick, filling in the back 
with concrete, formed of the screenings of the sand for the filter 
beds, mixed with flat rubble stone ; at every lo or 12 courses, 
a course of headers was introduced which bonded the front 
work to the backing. These walls were constructed with 
great rapidity and economy, and have proved perfectly 
successful. 

Portions of works below low-water, in which cofferdams 
have not been employed, have been successfully founded by 
pouring down, at still water of the spring tides, large masses 
of several tons, mixed with a very large proportion of 
cement, which provides for any loss of cement which may 
be washed away in falling through a few feet of water. 
Subsequent opportunities of examining portions of concrete 
thus deposited have proved it to be quite successful. The 
operation is thus described in a Paper by Mr. J. J. Mann, 
assistant to Mr. B. B. Stoney, Engineer to the Dublin Port 
and Docks Board, on the *' Repair of the River Wall at 
Burgh-quay, Dublin." (Trans. Inst. Civ. Engineers of Ire- 
land, vol. ix., p. 23) : — ^^ All the soft mud and sand in the 
space between the front sheet piles and the wall, to a depth 
of 2 feet below low water, was removed, and replaced by 
Portland cement concrete, well rammed. The concrete was 
formed of four parts clean ballast to one of cement, thoroughly 
mixed in as stiff a condition as possible, and put in place at 
dead low water of spring tide. The propriety of placing 
concrete in water, even 3 feet in depth, as was done in the 
present instance, without any protection to obviate the cement 
from washing out, has frequently been questioned. There 
is little doubt, however, that if Portland cement concrete is 
mixed extremely stiff, it may be thrown into moderately 
still water of the depth specified, without suffering any 
serious injury." 

On subsequently rebuilding part of the opposite quay 
wall this operation was extended to greater depths ; masses 
of 8 cubic yards, at one time, were launched at low water 
down an inclined plane of planking into a space dredged 
out between the lower parts of the old wall and the new lines 
of sheeting piles in front, which were cut off at low water; 
and upon the bed of concrete so formed a heavy quay wall 
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"was erected. The scarcely altered colour of the water in 
which it was immersed proved that the cement was not 
vjrashed out in any injurious degree. The slow and expen- 
sive process of lowering the concrete in boxes with a move- 
able bottom, containing only a few cubic feet, may therefore, 
with judicious management, be dispensed with. 

The use of Portland cement concrete in the erection of 
the walls and partitions of dwelling-houses, which has for 
several years been proposed, seems at length to be confirmed 
as one of its most successful applications. The desire to 
provide healthier, cleaner, and more decent dwellings for the 
working classes, which has been so long disappointed by the 
seeming impossibility of combining a fair interest on the 
capital invested, with the improved accommodation required, 
is now accomplished. The economy in the use of concrete 
in lieu of ordinary building material, will depend on the 
facility with which gravel, sand, and small broken rubble, 
can be obtained ; and in some degree also on the expense of 
carriage of the cement. Under favourable circumstances the 
cost may be set down as one-half that of other modes of 
building, the diminished cost arising not only from the facility^ 
of forming doorways, reveals of windows, and flues, but also 
from the lessened expense of plasterer's work, one coat alone 
being used. The thickness of the main walls is generally 
only 9 inches, internal partitions 4^ inches. 

Bridges of large size have been formed altogether of con- 
crete, somewhat in the manner described above for retaining 
walls, the laggings of the centering being laid close and 
smoothly wrought, so as to give a good soffite. 

The foundation of roads has been attempted with it, and 
many other applications are proposed, for which reference 
may be made to " Reid, on the Manufacture of Portland 
Cement," and the same author s work, '* Practical Treatise on 
Concrete." 

354. The strong adhesion of this cement to iron is made use 
of by iron shipbuilders, who now line the interior of the bottoms 
of vessels with a coating of cement mortar, about 4 to 6 inches 
thick, formed of about two of sand to one of cement, and even 
the channels on each side of the deck leading to the scupper 
holes are sometimes lined in the same manner. The interior 
of cast-iron cylinders laid at a gradient, as sewers, has also 
been lined with cement mortar between the internal flanges, 
thus saving the iron from the injurious action of the sewage 
and affording a smooth surface for its flow. 

2 s 
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It is important to observe that Mr. Grant is, in his 
second Paper already quoted, enabled to say — " The quality 
had not only been maintained, but had continued to improve." 
The specification has now been increased to 787 lbs. tensile 
resistance on the area of 2^ square inches, at seven days, which 
is equal to 350 lbs. per square inch, a stipulation much below 
the average results actually obtained during the last five 
years — namely, an average tensile strength of 806*63 lbs. 
from 589,000 bushels, equal to 358.5 lbs. per square inch, 
after seven days. The strength at the end of thirty days 
of 37,200 bushels of the above cement, as ascertained by 
1 1 80 tests, averaged 1024 lbs., equal to 455 lbs. per square 
inch, a result 30 per cent, higher than that at seven days. 
" Whenever the nature of the work would admit of it, tests 
at the end of a month would be found more satisfactory than 
if made earlier, as heavy cements, though the strongest 
eventually, were the slowest to set." 

If we collect from p. 296 what has been given as the 
earlier specifications on the main drainage, and add the 
latest, we have the following statement, the test being at 
seven days, and the weight no lbs. per bushel, or 85.7 lbs. 
per cubic foot: — 



Date. 


On 2i sqnare inches. 


On 1 square inch. 


Ist, 1859, 
2nd, 1862, 
3rd, 1864, 
4th, 1 87 1, 


Lbs. 
400 
500 

562-5 • 
787 


Lbs. 
177-8 
222*2 
250 
350 



Further experience has confirmed the earlier conclusions, 
that the strength of Portland cement increased with its spe- 
cific weight, its more perfect pulverization, and its thorough 
admixture with the minimum quantity of water in forming 
mortar. Koman cement, though only two-thirds the price 
of Portland, was but one-third of its strength, and therefore 
double the cost when that is measured by strength ; its sole 
advantage lying in its quickly setting, which is valuable for 
many purposes. 

Mr. F. Ransome has applied this cement in the manufacture 
of his " patent concrete stone." The materials employed 
being ** ordinary land, Portland cement, ground carbonate of 
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lime, and soluble silica, well amalgamated, and mixed with a 
suiBcient quantity of his ordinary silicate of soda ;" thus ob* 
taining a plastic mass, which is capable of being moulded, 
and after a short time assumes a great degree of hardness, 
strength, and density. Its power also of resisting injury from 
heat, cold, and moisture, with its freedom from unsightly 
efflorescence, will eventually give it a high place amongst 
constructive materials. 

355. The importance of Steel, as a material for con- 
struction in works of civil and mechanical engineering, is 
now so generally acknowledged, that, placing it last in any 
enumeration of the strength and applications of the materials 
used in practice may seem to require an explanation ; but 
the earlier portions of this work had been long in print before 
the great discovery of Hienry Bessemer was brought into 
use. Until the complete success of this invention, the em- 
ployment of cast-steel was confined to articles of very small 
size, such as cutlery, edge-tools, &c., the process of manu- 
facture being, in truth, but little changed since Huntsman, 
in 1 740, made his most valuable discovery. 

356. A very brief account of the mode of manufacture in 
each case may best show the contrast between them — and, 
first, of the crucible cast-steel. In this method of making 
cast-steel, the crude pig-iron has first to go through all the 
stages of melting, refining, puddling, hammering, and roll- 
ing, in order to produce a bar of malleable iron as nearly 
pure as the most careful selection of ores and manipulation 
in charcdal fires can make it. Bar-iron, on which so much 
labour, fuel, and engine-power have been expended, thus 
becomes the raw material of this most expensive manufacture.. 
In order to convert the wrought-iron bars above described 
into blister steel, they are packed with powdered charcoal in 
large fire-brick chests, and are exposed to a white heat for 
several days, a process technically called cementation, the 
time required for heating and cooling them extending over a 
period of fifteen to twenty days. When thus converted inta 
blister-steel — so called from the blistered appearance the sur- 
face of the bars often presents — they are then broken into 
small pieces, and sorted according to the quality of the steel, 
which sometimes differs even in the same bar. For melting 
this material, powerful air furnaces are employed, containing 
two crucibles, into each of which are put about 40 lbs. of the 
broken blistered-steel. In about three hours the pots are 
removed from the furnaces, and the melted steel is poured 
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into iron moulds, and formed into ingots of cast-steel; in 
some cases the contents of the crucible are poured directly into 
a mould, and given the required shape at once ; from 3^ to 
4 tons of hard coke being consumed for each ton of metal thus 
melted. For large masses of metal, a great many crucibles must 
be prepared all at the same moment, and a continuous stream 
of the melted metal irom the several crucibles must be kept up 
until the ingot is completed, since any cessation of the pour- 
ing would entirely spoil it : hence, in proportion to the size 
of the ingot, are the cost and risk of its production increased. 

Thus, quite recently, at the works of Messrs. Vickers and 
Sons, of Sheffield, in forming a steel crank axle, cast to shape, 
and weighing when finished 17 tons 4 cwt., there were used 
550 crucibles, the contents being poured in regular order. 
£ach must, therefore, have contained 70 lbs. on the average. 

357. The bars of blistered steel are also used for several 
purposes, without being melted in crucibles. From the nature 
of the process the bars are hardest outside, and therefore unfit 
for immediate use, except for a few purposes, such as files, 
shovels, &c. 

358. Shear-steel is blistered-steel cut up, piled, reheated, 
and welded under the tilt-hammer, the piling answering the 
same purpose as fusion, in producing homogeneity of struc* 
ture, but less perfectlv. 

Double shear-steel is single shear-steel a second time cut 
up, piled, heated, and tilted. 

If cast-steel, therefore, were ever destined to supersede 
wrought iron for general purposes of construction*, it was 
necessary to cease employing wrought iron, and that of the 
highest quality, as a raw material for this otherwise most 
expensive mode of manufacture; and this great object has 
been practically and commercially attained by the process 
of Mr. Bessemer, which has produced a complete revolution 
in this branch of metallurgy, not only reducing the cost of 
manufacture by more than 50 per cent., but enabling the 
quantity that may be produced to keep pace with the great 
consequent demand which has arisen. 

359. The following description is from the words of the 
inventor, in a paper read before the Institution of Mechani- 
cal Engineers, at Sheffield, in 1861, first referring to the 
wood engravings showing the construction of the converting 
vessel : — 

In each engraving A is the ''converter," which is formed 
of boiler plate, and revolves on its trunnions in bearing formed 
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on the top of the caat-iron standarda C ; one of these beanDge, 
as at E in the front elevation, ie hollow, and through it the 
compressed air from the blast engine ia conveyed to the snutij 
chamber F, entering the interior of 
the converter through fire-brick 
twyers, as shown in the vertical sec- 
tion, which have 49 holes, four 
being cut through in the vertical 
section — namely, 7 in each of the 
seven diatinct twyers, firmly bsten- 
ed to the base of the converter. 
The lining of ganister is lettered G 
in the vertical section. The upper 
part of the vessel, at the letter A, 
18 bolted down to that which car- 
ries the axes or trunnions, and the 
air chamber F is also bolted on 
below, 80 that the interior lining 
of ganister and the twyers can be scale ^ 

renewed when necessary. The ob- venioiii settion. 

ject of giving the vessel the power of revolving is for the 
purpose of turning it into such positions as to receive the charge 
of molten iron without entering the twyera, and for pouring 



Side ElsTBtion. Fioat ElevBlioa, 

it, after* con version, into the ladle, as in the dotted lines in the 
side elevation ; it can even be completely turned down to let 
all slag or scorise drop out. 

"The crude pig-iron used in this process is hot blast 
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hasmatite, smelted with coke, which is melted in a reverbe- 
ratory furnace adjoining, and is then run into the converting 
vessel (shown in the wood engravings). This vessel is made 
of stout boiler plate, lined with "ganister," which is a 
powdered siliceous stone found under the coal, in the neigh- 
bourhood of Sheffield. It costs but i is. per ton, and is both 
cheaper and much more durable than fire-brick. The blast 
from the engine is conveyed through one of the bearings, and 
enters the tuyeres at a pressure of 14 lbs. per square inch, 
which quite prevents the fluid metal from entering. Before 
commencing the first charge of metal, the interior of the 
vessel is heatjed by coke, with a blast to urge the fire. When 
sufficiently heated, it is turned over, and all the unburnt coke 
falls out. The vessel is then turned into the proper position 
and the melted pig-iron is run in from the furnace by a 
spout, the vessel being kept in such a position that the 
tuyeres are above the surface of the metal. When the 
proper charge is in, the blast is laid on, and the vessel 
quickly turned into its vertical position. The blast now 
rushes upwards from the 49 holes in the tuyeres, producing 
most violent agitation in the whole mass. The silicium is 
first attacked, uniting readily with the oxygen of the air, 
forming silicic acid (Si O3), at the same time a portion of the 
iron becomes oxidated, hence a fluid silicate of oxide of iron 
is formed, some carbon being, at the same time, burnt ofi*. 
The heat is thus gradually increased till all the silicium is oxi- 
dised, which takes place in about twelve minutes from the com- 
mencement of the process. The carbon of the pig-iron now 
begins to unite more freely with the oxygen of the air blown 
in, producing first a small flame, and in about three minutes 
intense combustion is going on. The metal rises in the 
vessel, sometimes occupying double its former space, and in 
this frothy state it presents an enormous surface to the air, 
the oxygen of which unites rapidly with the carbon of the 
crude iron, producing intense combustion. The whole mass 
is now a mixture of metal and flame ; the combustion of the 
gases is so perfect, that a great white flame rushes from the 
mouth of the vessel, indicating by its colour the nature of the 
metal inside. 

The blowing is left oflf when the length of time from the 
commencement and the appearance of the flame indicate the 
required quality of metal, and that the proper per centage of 
carbon is left. At least this is the mode of working the 
process in Sweden. But at the works in Sheffield, it is pre- 
ferred to continue blowing till the flame suddenly drops, 
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which is just as the metal approaches the state of malleable 
iron, all the carbon in the charge being burnt off by the 
oxygen of the air driven through. The blast is now turned 
off, the vessel is tipped forward, a small measured quantity 
of artificially prepared charcoal pig-iron, speigel eisen^ from 
120 to 140 lbs. to a charge of 20 cwts., containing a known 
proportion of carbon, and from 8 to 10 per cent, of manganese, 
is then added ; when the vessel has been righted the blast is 
continued for a few seconds. 

Thus steel of any desired degree of carburation is pro- 
duced, the process having occupied altogether about 28 
minutes. 

The vessel is then turned into the position shown dotted 
in the diagram, and the steel is run into a ladle, from which 
are filled the ingot moulds. By tapping the metal in this 
ladle from below, no scoria or other floating impurities can 
run into the mould, and the fluid steel is dropped straight 
down the centre of the mould without touching the sides. 
From one to ten tons of crude iron may be converted into 
cast steel in thirty minutes, without using any fuel except 
that required in melting the pig-iron and in heating the vessel. 

The loss on the weight of crude iron is from 14 to 18 per 
per cent., with English iron worked in small quantities ; but 
with purer iron in Sweden the loss is only 8.75 per cent. 

The largest sized apparatus at present erected has a vessel 
capable of converting 4 to 5 tons at a time, which it converts 
into steel in 28 minutes. 

In consequence of the size of these vessels, no metal is 
thrown out during conversion, and the loss of weight has 
fallen as low as 10 per cent., including loss in Inciting the 
pig-iron." 

360. But one point needs to be added to the above account 
of this novel and extraordinary method of producing steel, 
which is, that only those ores of iron which are nearly free 
from phosphorus and sulphur can be employed in the pro- 
duction of the pig-iron to be used in the converter : unlike 
the puddling furnace which, in the manufacture of wrought- 
iron, to a very great extent deprives the charge of these 
injurious impurities, the converter of Mr. Bessemer fails to act 
upon them, and thus the necessity arises for the sole use o 
ores which, like the haematite, are found to be naturally fred 
from these elements ; as in the older methods, therefore, thi. 
process depends for complete success on the use of the bes 
qualities of cast-iron as a raw material. The ores of the great 
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iron district of Cleveland which contain about i • 1 5 per cent 
of phosphorus cannot be used, and in like manner the ores of 
the districts of Staffordshire and South Wales are unsuited to 
this manufacture. The largest works in England are, therefore, 
found at Barrow-in-Furness, on the coast of Cumberland near 
the great deposits of hsematite ores : it is true that they have the 
disadvantage of importing their coal by rail from D urham. The 
manufacture is also carried on in the great coalfields, the ores 
being carried to the fuel. It has been stated that the percen- 
tage of phosphorus which may be present in any ore for 
steel making should not exceed 005 per cent. 

The fame and fortune which have so deservedly rewarded 
Mr. Bessemer have stimulated other metallurgists, and already 
several new processes are before the world : that of Heaton 
proposes to use the ordinary pig-irons which are employed 
for wrought-iron, purifying them by the use of nitrate of 
potass: the Siemens-Martin process, and others, on the 
success of which time will give the fairest verdict. 

361. Before giving a distinct proposition stating the ulti- 
mate tensile and compressive resistance of Bessemer Steel, 
as has been done in the case of iron and timber in the preced- 
ing pages, it is advisable to state that the qualities of hardness, 
ductility, and cohesion have been proved by experiment to be 
directly connected with the percentage of carbon contained 
in the specimens under trial ; and that by skill in the selection 
of certain proportions of the materials in the first place, and 
subsequent manipulation, any desired result may be obtained. 
It is generally stated that wrought-iron contains under 0*5* 
per cent of carbon, steel from about 033 to ij per cent., 
and cast-iron firom 1-5 to 4, (or even more), per cent. It ap- 
pears, therefore, that the range is limited, though such very 
wide differences in strength, hardness, &c., result from changes 
in the carbon present. 

362. Mr. Vickers, of Sheffield, has experimented upon 
different qualities of steel (Proceedings of the Mechanical 
Engineers for 1861, page 158 to 170), the specimens being 
turned down to one inch in diameter for a length of 14 inches, 
with the following results : — 



Carbon per cent 


Ultimate Ten- 
sile Resistance 
per fiq. inch. 


Extension in 
inchea 


I St. Experiment, . . 0*33 
loth do., .. 1-25 


Tons. 

30*4 
69*0 


'•37 
062 
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The ultimate strength was thus more than doubled ; but 
the extensibility reduced more than one-half. Eight inter- 
mediate experiments gave corresponding results, the increase 
of carbon, giving increased strength and shewing at the same 
time a diminished elongation. Beyond i"25 per cent, of 
carbon, the steel becomes gradually weaker until it reaches 
the form of cast-iron, which we know has the very low tensile 
resistance of 6 to 7 tons per square inch. If, therefore, a mild 
tenacious material, free from brittleness, capable of resisting 
concussion, and having the toughness and ductility of wrought* 
iron, be desired, the percentage of carbon must be small. 

363. The following Table has been arranged from the 
summary of experiments, by Mr. Fairbairn on steel from the 
Barrow Company, whose works are devoted to the production 
of steel suited to girders, boilers, rails, and other purposes of 
construction. 

The testing machine was not capable of giving a higher 
compression than 100*7 tons per square inch. 



364. Besflemer SteeL — The Ultimate Tensile Strength of mild 
Steely adapted to purposes of const riiction, is about 38 
tons per square inch of Section on an extended average of 
experiments. 



365. Table, showing the Ultimate Resistance of Steeh cast from 
the Bessemer process^ to forces of Tension and Compression ; 
Specimens supplied by the Barrow ^cematite Steel Com- 
pany. 



TENSILE FORCES. 


COMPRRSSIVE FORCES. 


No. 

I. 
2. 

3- 

4- 

5- 
6. 

7- 
8. 

9- 


Speclflc 
Gravity. 


Breaking 
Weight per 
square inch. 


Elongation 

length of 

Specimen = 1. 


Greatest 

Weight per 

sq. inch. 


Compression 

per unit of 

lengtli. 




7 -7006 
7*7710 

7*7899 

7*7037 
7-7978 

7*7952 
7*7956 
7-8654 
7*8159 


Tons. 
41-70 
36-03 
30-63 

29*59 

32 69 

30*69 

33 81 
33*04 
33*53 


0*0406 
0-0866 
0*0656 
0*1858 
00312 

0*08l2 

0*0906 

0-0765 

o-iooo 


Tons. 
100*7 


0-200 

0-450 
0*450 
0*480 

0*525 

0*474 

0*392 
0*400 
0*400 


No cracks. 

»» >> 
>» »i 
M »» 
M »» 
Slight cracks. 

No cracks. 

»» ^^ 


Average, 


33 52 


0-0842 




0*419 





2 T 
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The length of the specimens employed for determining 
tensile resistances, was such that the elongations could be 
measured on 8 inches, the diameter at the neck being, practi- 
cally, } inch. The height of the specimens for compressive 
resistance was one inch, and the diameter 0*72 inch. 

The same author has also published the results of a very- 
extended series of experiments on Bessemer Steel, both as 
to its tensile and compressive resistances. The following 
Table has been arranged and condensed from that which 
gave the ultimate tensile resistances ; the names of the 
several manufacturing firms being omitted and replaced by 
capital letters for purposes of reference. The figures repre- 
sent tons per square inch. 

366. Table, showing the Ultimate Resistance of Bessemer Steel 

to a Tensile force. 





Lowest 


Highest 


Average 




Tona. 


I'ons. 


Tons. 


A. . . 


a6-37 


51-86 


40 36 


B. 


36 37 


53'75 


45 15 


C. . . 


39-58 


59-87 


48-25 


D. . . 


38 26 


55 ai 


46-87 


K. . . 


35 09 


46-02 


40-16 


F. . . 


33 57 


48-18 


42-65 


G. . . 


32-70 


47-42 


41 -60 


Average, 


34 59 


51-76 






General Average. 


43*46 



The mean lowest being thus about 67 per eent. of the 
mean highest. The average of both Tables § 360 and 361 
being, as stated in the proposition, 385 tons per square inch. 

It is abundantly evident from what has now been given, 
that the ultimate tensile strength of Bessemer Steel is about 
double that of ordinary wrought-iron of good quality. 

367. The following more detailed statements of experi- 
ments on the compressive resistance of steel, as given by 
Mr. Fairbairn at Dundee, in 1867, have been selected from the 
complete accounts of each separate trial together with a copy 
of the engraving that accompanied each, showing the appear- 
ance of every specin^en under the ultimate load, the dotted 
lines showing the original dimension. 
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Exp. VIII. Bar of Bteel from Messrs. John Brown, and 
Co., marked, " B. S," — described as " Foreign Bar, tilted." 



a 



Before Giperimenl. After Experiment, 

Height of Specimen, o'pSc) inches, . 0497 inch. 
Diameter ,, 0*72 „ - 088 6 „ 

Area, ,, 0'407i5 sq. in. . o'6id53 eq. in. • 

Specimen very much cracked. Ultimate compression, 
0493 inches. 

Exp. XI. from Messrs. Cammell and Co. Mark on biir, 
" 2." — described as "Tool Steel." 



Before tjtperiment. After Espenme.it. 

Height of Specimen, 1005 inches, . 0749 inch. 
Diameter ,, 0-72 „ . 0772 ,, 

Area of ,, 0407 1; sq. in. . O'468o8 sq. in. 

Ultimate compression 0*263 in^^hes. No cracks. 

Exp. XV. Bar from Messrs. Cammel and C&. Mark on 
bar, " 6," — described as " Soft Bessemer Steel." 



i 
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Before Experiment. After Experiment. 

Height of Specimen, 0-997 inches, . 05 14 inch. 
Diameter of ,, 072 „ o-fipi ,, 

Area of „ o'407K sq- in. . 0-63334 sq. in. 

Ultimate oompression 0-493 inches. No orocKs. 

368. Id this experiment, ae being on a specimen of soft 
Bessemer Steel, the following further details are quoted : — 

Weiglit laid on in Compression 

Tdd9 [ler sq. in. in Incliea. 

No. I. 41-049 O'OBO 

2. 49-3°3 °''35 

3. S7"i98 0-203 

4. 64-637 0-269 
5- 72-39' 0-328 

6. 80-133 o"387 

7. 87-952 0-426 

8. 96636 0-465 
9- 100-700 °'493 

It is surprising to observe that although the length of 
the cylinder was diminished hy one-hiilf no crack ensued, 

{iroving that this quality of steel would be safe from sudden 
racture when exposed in any structure to concussions or 
vibrations. 

Expt. XXXV, Bar from Messrs. Saunderson and Co. 
Mark on bar, " S. j." — described as " Drawn Bar." 



Uefore Experiment. After Experiment. 

Height of Specimen, loi inches, 0-678 inches. 

Diameter of „ 0-72 „ 0-790 „ 

Area of „ 0-40715 sq. in. 0-49016 sq. in. 

Commenced to crack at 8o'233 tons per sq. inch. Ulti- 
mate compresaion 0-333 ^""h. 

Expt. XL. Bar from Messrs. Turton and Sons, Mark 
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on bar, " D," — described as " Steel used in the manufacture 
oi machinery." 



Before Experiment. Afler Eiiperiinent. 

Height of Specimen, loo inches . 077 inches. 
Diameter of ,, 072 „ . 076 ,, 

Area of ,, 040715 sq. in. 0-4^^64 eq.in. 

No cracks- Ultimate compression 0233 inches. 

369. The same diflSculty in determining the true ulti- 
niate resistance to compression arises with these tough and 
ductile qualities of steel, as with wrought-iron. Mr. Fair- 
bairn calls it I oo'7 tons per aq. inch in the ratio he assigns to 
the compressive compared with the tensile resistance ; but 
this weight seems to have been the utmost power of the test- 
ing machine, rather than that of the specimens. How- 
ever a material which as in § 368, is found to resist upwards of 
40 tons per sq. inch with a compreaaion of about 8 per cent., 
must be considered to hold a very high place among the 
materials at the command of Engineers. 

370. Mr. George Berkeley has made a very valuable series 
of experiments on the compression of Bessemer -Steel. The 
specimens were all cylinders, o 755 inches in diameter, and, 
Inerefore, 0488 square inches in area, the length i'033 
inchea, some few being one more or less in the place of 
thousandths. Minutes of Proceedings Institution Civil En- 
gineers, Vol. XXV., page 385-391. 

There was, it will be observed, a remarkable uniformity 
in the resistance of the specimens up to i8,ooolba. on the 
actual surface 0*755 inches in diameter, which is equal to 
J 7 '94 tons per square inch, after this weight the length gra- 
dually diminished. 

371. Comparing this result with that of the compression 
of wrought-iron given in page 227, we may safely infer that 
the steel may be assumed to have nearly double the strength 
of wrought-iron. It was, however, in favour of the steel that 
the specimens had only i ^ diameters in height, whereas Mr. 
Hodgkinson's specimens of wrought-iron had a height of 
4 diameters. 



326 



BESSKMBIl ST BEL. 



372. Tab LB, showing the Compression Resistance of Bessemer 
Steely the Specimen being cut from Railway Bars, 



No. of 


Length. 


Ultimate 


Amount of 


Ultimate 


Weight pe*- 


Expt. 


Length. 


Compression. 


diameter. 


1 square inch. 




Inches. 


Inches. 


Inches. 


Inches. 


Tons. 


I 


1-032 


08380 


0*1940 




59S 


2 


1033 


0-563 


0-470 


1*09 


99-65 


3 


I -053 


0564 


0-469 


1*062 


99-65 


4 


1-031 


0-538 


0-493 


1 086 


99-65 


5 


I 032 


0-548 


• 0484 


I -07 7 


9965 


6 


1-033 


0-535 


0*498 


1-09 


9965 


7 


»033 


0-54? 


0-490 


1-033 


99*65 


8 


1-033 


0546 


0-487 


1-08 


99'55 


9 


I 033 


0-573 


0460 


1-05 


99-65 


10 


1-033 


0-562 


0-471 


1-06 


99-65 



373. One of the most important items in the cost of 
railway maintenance is the renewal of rails, which has 
amounted on lines, which, like the North- Western and 
Great Northern, have a large and concentrated traffic worked 
at a high speed, to about £150 per mile per annum, on 
an average of nearly 17 years. On other main lines this 
may be put at about £70 to £80. 

No ordinary wrought-iron material, or method of piling 
or making the finished rail, will however resist the crushing 
action of modem locomotives , which are not seldom con- 
structed to work with 11 tons on the driving wheels. 
Amongst the most important of the methods hitherto used 
for this purpose, is that of forming the wearing surface of the 
rails entirely of steel, by introducing a bar of steel into the 
pile, and rolling it out, so as to unite it with the wrought- 
iron body of the rail. Another method is to submit the 
surface of the ordinary iron rail to a process of conversion in 
a furnace especially adapted, thereby case-hardening the 
outer coat or skin of the wearing portion of the rail. Both 
of these processes to a certain extent fulfil their object ; still 
they are open to the serious objection that only the crust or 
skin of the rail is rendered hard, and they do not prevent the 
body of the rail from yielding to the severe pressure of the 
wheels ; lamination and splitting are only to a small extent 
diminished, and though the life of the rail is prolonged, the 
prolongation is uncertain. The same objection applies to 
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the puddled-steel rail, and it is also liable to vary consi- 
derably in its hardness, and to be at times too brittle for per- 
fect safety. This liability to vary in quality is inseparable 
from the mode of manufacture, and though many goodrails 
of this kind have been produced, the want of certainty in the 
process diminishes its value. 

374. The introduction, however, of Bessemer's system has 
opened out a mode of producing a pure, homogeneous, hard, 
and tough material, most admirably suited for the manu- 
facture of rails. Their cost, it is true, is higher ; at the 
present time about £io los. to £12 per ton for steel, com- 
pared with £6 108. to £7 for wrought-iron. No doubt on 
every railway of large traffic there are certain places where 
they could be laid with economy ; for instance, where the 
traffic is so constantly severe that the ordinary points and 
crossings have to be renewed, it may be even four times a 
year. Once laid of steel rails, they would give no trouble 
for many years. 

Two steel rails of the double-headed pattern were laid in 
May, 1 862, at the Chalk Farm Bridge, near the entrance of 
the London and North- Western Railway into the Camden 
Town Dep&t, side by side with two ordinary iron rails. The 
steel rails were taken up in August, 1865 (three years and 
three months) ; it was found at the end of that period that 
the upper surface, which alone had been exposed, was evenly 
worn to the extent of little more than a quarter of an inch, 
and still appeared to be capable of enduring much more work ; 
and having carried the traffic of 9,550,069 engines, trucks, 
&c., and 95,580,000 tons. Meanwhile the companion ordi- 
nary wrought-iron rails, on that same line of way had been 
renewed eight times, each rail being once turned; thus 
giving as a result sixteen faces of wrought-iron worn out, to 
one of steel, and this latter not destroyed or incapable of 
further use on the line. 

375. The ingots, which have been mentioned in § 354, 
are cast of such weight and form as are necessary for the pro- 
duction of each rail. Thus for a six yard rail of 84 lbs. per 
yard, the ingot requires to be 9 inches square, and 26 inches 
long. This ingot is hammered down to 6 inches square, 
and 5 ieet long, and then rolled in the ordinary way. It 
will be evident that the only limit to the length of the rail 
made in this simple manner, is either in the weight of the 
ingot, which can be produced, or in the length of the rolling 
mill or heating furnace. It is as easy to produce long 
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lengths as short ones ; and in this respect the above method 
has some advantage over piling. 

There is no tendency to lamination in this perfectly homo- 
geneous material ; its toughness and durability have been 
fully proved by specimens, which have been twisted and bent 
while cold, without exhibiting any fractures ; and the ex- 
perience obtained from its use for several years past justifies 
all that has been expected from it. 

376. In the opinion of several experienced engineers, the 
very rough test applied to wrought iron rails is quite inappli- 
cable when they are made of Bessemer steel ; every individual 
rail should be tested when made of this material ; and, if this 
be so, it is evident that the tests applied must be such 
as will leave the rail uninjured, and yet prove it fully up to 
the greatest load it can be called upon to bear in its after 
work on the line. A testing machine answering these re- 
quirements has been invented by Mr. James Price, and 
described by him (Vol. xxxii., Minutes of Proceedings Inst. 
Civ. Engineers). Although Bessemer steel exhibits in the 
highest degree all the qualities of a good rail — namely, 
strength as a girder to sustain a moving load between the 
supporting chairs ; secondly, toughness, to resist sudden 
strain or impact; thirdly, solidity, to resist separation under 
pressure ; fourthly, hardness, to resist wear of the surface — 
yet a certain dangerous brittleness is found, at times, in a 
few rails out of large numbers of excellent quality, manufac- 
tured in the same manner, and by the same makers ; these 
brittle rails, as they break up into several fragments, are 
more dangerous than the same proportion of bad wrought 
iron, and are not to be distinguished by their external appear- 
ance. 

377. The wood-cut exhibits 
the manner of fracture of some 
steel rails used on the Cologne- 
Minden Railway, it was found 
that a piece, about 15 inches long, 
frequently broke off at the end of 

the rails. The fracture passed in each case through the two 
holes for the fish bolts. The oval holes were formerly punched, 
but they are now made by drilling, and subsequent enlarg- 
ing by the slotting machine ; it has not been ascertained, 
however, whether this will prevent the fracture just described. 
(Engineering, Vol. xii., p. 295). 

In the formation of rails, wheel tyres, and axles for railway 
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carriages, this steel may be considered as perfectly successful ; 
and it has been applied, as rolled plates, to boilers also ; but 
in this case, as in that of ship building, and girders, it has 
not as yet been very generally adopted. 

378. The following Table, collected from the works of 
Tredgold, Rennie, &c., exhibits at one view the properties of 
four metals which are indispensable in practical construction, 
though not 80 much used, as those already discussed, in 
directly resisting compression and tension. Indeed, the ul- 
timate resistance to compression of the more ductile of these 
cannot well be ascertained ; it is only possible to record the 
successive diminutions of length and the corresponding re- 
sistances which at length become enormous. 

The fraction given in the sixth column of the Table indi- 
cates the diminution of length,, which had taken place in 
the specimens when the weight recorded at the right hand 
side was acting upon them. 

379. Table showing the Properties of the several Metals^ 
Leady Copper^ Zinc^ Tin^ and Alloys. 



Lead, 



Copper — Wrought, sheets. 



»» 



Cast, . 



Zinc, 



OD 



»*5o 



13*50 
8-5 



Specific 
Gravity. 



''•353 



Weight 

per 

cubic 

foot. 



Lbs. 
709-5 



•a a ««* 
OB a^ 

.OS'S 



^ 



Lbs. 
4*94 



3*50 



Alloys of Copper and Zinc, 
Brass, 2 Ca + i Zn, 



I 



Tin, 



Alloys of Copper and Tin, "I 
Gan Metal, . . . . ) 



Hard Brasses for bearings, > 
&c., in Machinery, . . 5 



'a '5 



8-7 



6*96 



549 



431 



8-3 



»*5 



i6'io 



13-6 



7*3 



8-56 



8-73 



Resistance 
to compres- 
sion Tons per 
square inch. 



^ o'8625 



3-8i 



3'oo 



519 



455*7 



535 



545 '5 



i " 50 
15 '07 



36 



3'i65 



3'7i5 



3*79 



A 5*74 
18-40^ 



tV 0-986 
i '•725 



2 U 
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380. The tensile resistance of lead is very important in 
the case of water pipes under great pressure. Copper bolts 
in the fire boxes of locomotive engines are under considerable 
strain from the steam pressure, and the importance of having 
them made of wrought, and not of cast copper, is evident. 
Gun metal, in that application which gives it this designa- 
tion, namely in Artillery, requires all the tensile power and 
other qualities with which it has so long been credited. 
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No. I. 

On the best FOSM of WBOUOHT-IBON LIMK8 OB BAB8, 
WHEN BESI3TIK6 TENSILE STBAIN. 

Singe the examples on wrought-iron bar links, given in 
pages 39 to 45, were printed, two valuable papers on the 
subject have been published, one by Sir Charles Fox, " Pro- 
ceedings Royal Society," 1 865 ; the other by Mr. Berkeley, 
vol. XXX. *' Minutes of Proceedings Inst. Civ. Eng." The 
former had been entrusted by Mr. Vignoles with the manu- 
facture of the linke of the suspension bridge intended to span 
the Dneiper at Eieff, in Russia. The total weight of the 
bars was about 1600 tons, and, as they had to be shipped 
from Odessa, and afterwards conveyed by land carriage, over 
bad roads, for about 300 miles, to their destination, it became 
a question of great interest to determine whether the form of 
link designed was of the very best proportions, and equally 
strong in every part, so that no superfluous weight should 
have to be carried either on the journey to Kieff, or when 
permanently erected in the bridge. It is strange that we owe 
these valuable experiments, seemingly, more to the former 
than to the latter, and vastly more important, considera- 
tion. 

The links were 12 feet long, from centre to centre of 
eyes — a length designed with a view to facility of transport ; 
for, compared with other suspension bridges, in which a 
length of 2c or 24 feet has been adopted, the number of 
joints, with the necessary pins, caps and screws, &c., is dis- 
advantageously increased, in equal spans, as the links are 
made shorter. The iron used was of high quality, portions 
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one inch square, in section, haying, from a number of experi- 
ments, given an ultimate tensile strength of 27 tons. The 



IS^ 



-> < 



16'/^ 





-> ^■ 



i^-54 




■mmmrnfTm? 



\^ 



Fig. 1. 



\'//////////////////. 



Hg. 2. 



7/mff777/7/;////////// V 



10% 

Fig. 3. 



wood engraving (Fig. i), at a scale of|-lnch to one foot, 
shows the form and dimensions of the head of the link as first 
designed ; the pin 4^ inches diameter ; breadth on each side, 
6 inches; the transverse section of the bar or shank being 
10:1^ square inches, the thickness in all being one inch. If, 
'therefore, it had yielded in that part, it should have borne a 
little more than 270 tons; a proving machine, capable of 
exerting that force, was therefore provided. The transverse 
section of the pin, 4^ inches in diameter, being 15.9 square 
inches, or 50 per cent, greater than that of the bar, it is 
evident that no shearing of the pin can take place. This link 
gave way, however, under a strain of 1 80 tons, by tearing 
across at the eye, as shown in Fig. 4 : proving at once the 
great disproportion between the head and the shank. It 
was determined, therefore, to increase the dimensions at the 
part which was supposed to be the weakest, and a few links 
were prepared, shown in fig. 2, having the same diameter in 
the pin, but with a breadth of 7 inches on each side of the 
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Fig. 4. 

N 
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pin-hole, instead of 6 inches, as in fig. i. It was surprising 
to find that this bar did not sustain more than the former, 
and broke at the same place, and in a similar manner, across 
the head. The cause of fracture was, therefore, not yet 
ascertained, but, on attempting to adjust the piece broken off' 
to the position it originally occupied (fig. 4), it was observed 

that, while the frac- 
Fig. 6. tured surfaces came in 

contact at the outside 
of the head, they were 
aconsiderable distance 
apart at the edge of 
the pin-hole; and it 
was also seen that the 
hole, which originally 
was round, had be- 
come pear-shaped, the 
part at 0, fig. 5, which 
is a vertical section 
through the line N M, 
in fig. 4, which bore 
upon the pin, and con- 
sequently was in a 
state of compression, 
being considerably 
thickened ; while, on 
the contrary, the other 
portion of the iron, at 
D and D, fig. 4, being 
under tension, had 
thinned by stretching, 
as shown in the section, through S T, fig. 6, so as to cause a 
tearing action to take place, which, having once commenced, 
would obviously, by the continuance of the same strain, rend 
through the entire head, no matter what its width might be. 
The first step in obtaining true proportions must, therefore, 
be to provide sufficient bearing area in the semi-cylindrical 
surface of the link (which we may call S), in order that it 
may not yield under the pressure of the pin until the head, at 
D, D, and the link at A, are simultaneously at the point of 
tearing asunder. Now, in wrought iron, the initial forces 
necessary to diminish the length of a bar by compression, or 
lengthen it by tension, are practically the same ; and hence 
the surface S and the transverse area at A must be equal. 
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Two methods of effecting this present themselves — one by 
thickening the metal in the head, the other by enlarging the 
holes, and conseqdently the pin. The former would be inad- 
missible from the additional space it would occupy in the 
width of the bridge. In fig. 2 the surface S is 7.07, and the 
area at A, 10.25 square inches. £ach link-head ipv^oiild, 
therefore, have to be widened 0.45 inch, and an arrangement 
of the links, such as lihat shown in page 40, would have 
to be 9^ inches wider ; the same addition being required 
at the other chain, would, together, amount to 1 8^ inches, 
which must be deducted from the available width of the road- 
way at the centre of the span, and would require increased 
width of rollers and bed-plates, <S:c., on the tower and an- 
chorage ; consequently, the requisite surface must be obtained 
by enlarging the diameter of the eye and of the pin. 

Acordingly, a link was prepared, as shown in fig. 39 in 
which the hole was enlarged to 6 inches in diameter, every- 
thing else being the same as in fig. i, except that the part D, D 
was now only 5^ inches, instead of 6 inches in wid.th, by the 
removal of the annular piece, the material in the head being 
diminished to that extent, instead of increased, as in fig. 2* 
The surface, S, was consequently augmented from 7.07 to 
9.4 square inches. This link, so altered, yielded by a force 
of nearly 240 tons, which, compared with the 1 80 tons of 
the former experiments, is in the ratio of the area of the two 
surfaces S bearing the compression of the pin. The author 
adds: <^From subsequent experiments, it has become evident 
that, had the pins of these chains been increased to 6^ inches 
diameter, giving a bearing surface of 10.2 square inches, the 
proper proportion between them and the body of the links 
would have been very nearly arrived at, while with those of 
6 inches diameter about an inch of the body of the links was 
wasted.'* The sections of the shanks of the links were iden- 
tical in each experiment, and are given below the drawings of 
the heads — the part which is hatched with diagonal lines — 
indicating the part which, at 27 tons the square inch, would 
be sufficient to give a resistance equal to that with which the 
heads were destroyed. In figs, i and 2 it amounta only to 
two^thirds, and in fig. 3 to nine-tenths of the whole. If, 
then, we assume that, of the 1600 tons already mentioned, 
about 1450 tons were applied to the shanks of the bar links, 
the remainder constituting the heads, we see that about 480 
tons would have been not only useless but detrimental, as 
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forming a permanent load on the structure, to the strength of 
which it added nothing. In fig. 3, only about 150 tons, out 
of 1450, are thus lost. With a pin, 6^ inches diameter, it is 
probable that the whole area, 10^ square inches, would have 
been efficient. 

Th^se experiments, which teach that, under certain cir- 
cumstances, greater strength may be obtained by diminishing 
the quantity of material employed when its distribution is al- 
tered, are illustrated by other instances, as in hydraulic 
presses, in the construction of artillery, and, in screwed bolts, 
&o. (Vide E. Clarke, " Brit. Bridges," p. 609, &c. ; Bram- 
well, " Report British Association," 1869.) 

Finally, this simple rule was deduced : ** The connecting 
pin, and the circular hole to receive it, to have a diameter 
equsl to two-thirds of the width of the body or shank of the 
link. And, as the strain upon the metal in the head of the 
link is less direct or uniform than in the body, let the sum of 
the widths on each side of the pin (D and D) be made 10 
per cent, greater than that of the body itself." 

The author also suggested that, as the pins, if solid, 
would be of much larger section than is necessary to resist 
the action of shearing, a considerable saving in weight 
would be effected by having them made hollow and of 
steel. 

Mr. Berkeley, in the paper 
already referred to, gives the 
result of numerous experiments 
carried on for many years in order 
to arrive at the best proportions 
for the tension bars for Warren 
girders, to be erected on East 
Indian railways. Between twenty 
and thirty thousand such have 
been sent out to that country, 
^^- ..^^ where this construction of girder, 
""'' as requiring but little skilled la- 
bour in finally erecting, is chiefly 
used, the tension bars, formed like 
those of suspension bridges, being 
fixed in their respective places by 
pins passing through eyes in the 
ends of flat links. The standard proportions he was led 
to adopt are shown in fig. 7, in which the width of the 
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body of the link at A is taken as loo, the other parts as 
below : — 

A ICG 

B - 75 
D — 60 

C — 80 
R — 500 

These results point in the same direction as those of Sir C. 
Fox — namely, that hitherto the practice had been to make the 
pin too small in diameter, proportioning it rather with a view 
to its shearing resistance than to its proper bearing area. It 
may be doubted, however, whether it is needful to increase it 
beyond two-thirds of A. No practical increase of pin would 
^ve a uniform tension in the horizontal section, at D, !D, 
though the difference between the extreme rate and the mean 
is less, as it is increased in relation to the whole width of the 
head. Again, the whole of the upper semi-cylindrical sur- 
face, S, cannot well be conceived to resist, at a uniform rate, 
the compression of the pin. Therefore, the area, S, might 
well be greater than that at A. When the diameter of the pin 
Bis -/yths of the breath at A (or 63*6, instead of 75 as above) 
the surface S and the transvere area at A are equal. 

In many other details of structures we find the utility of 
these results. The horizontal tension member of bow-string 
girders has been sometimes formed of bar-links. Fitch - 
chains, and the links attached to the buckets of dredging- 
machines, are examples of material connected together, and 
strained in a similar manner by pins through eyes. 

In some bridges the hole ior the pin is made oval (in the 
direction of NM, fitting truly into the line S T, fig. 4) for 
facility in getting the main chains together, and it has been 
suggested that the form given by tangents to the eye meeting 
in a y in the line N M on the side towards A would be ad- 
vantageous by transmitting the tensile strain from D and D to 
A in a more direct manner. 

In the discussion which took place on the reading of the 
paper by Mr. Howard, (Vol. viii., p. 273, Minutes of Pro- 
ceedings Inst. Civ. Engrs.), on rolling the links of suspension 
bridges without any welding, will be found some useful re- 
marks. The paper itself contains an interesting account of 
the process, and the machinery employed. 

The wood-cuts on the opposite page represent the form of 
the ends of tension bars of Warren girders of large span, 
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and also their transverse sections taken from recent publica- 
tions. The diameter of the eye in each is evidently very 
much out of proportion to the breadth of the body of the 
link. If the pin and the eye be properly proportioned to the 
strains in the part of the girder in which they are placed, then 
the breadth of the body of the bar is greatly in excess. In 
the upper bar, the eye of which is 2^ inches in diameter, the 
breadth should, by the above rule, be 3I inches instead of 6}; 
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and in the Other for an eve 3 inches in diameter, the bar 
should be 4^ instead of 9 mches. On the other hand, if the 
breadths of the respective bars be duly proportioned to their 
tensile strains, the diameters of the pins are quite too small. 
If, however, we compare the transverse area of the bars with 
the transverse area of the pins, we find they are very nearly 
equal, indicating perhaps the faulty principle on which they 
have been designed. The transverse area of the pin (to resist 
shearing) is, in the upper drawing, 4.9 and the link 4.47 
square inches. In the lower, the pin is 7, and the link 6.75 
square inches. 

The wood-cuts in the following page show the construc- 
tion and proportions of the links of pitch chain which aiFord a 
good example of wrought iron united by pins and links, 
double and single alternately, which being perfectly free at the 
joints is capable of being wound round the sheave of an iron 
block ; it is also used as an endless chain driven by cogs 

2 X 
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which project between the doubte link and press on the head 
of the single one. 

The lefl-h&nd drawing shows, 
down to the full line, a vertical 
section through the axes of the 
pins which are shown in full with 
their countersink and rivet heads. 
The lower part is an end view. 
7he resultant forcepasses through 
the line TT. 

The right-hand drawingis an ele< 
vation of two links of a ch^, the 
shaded portions being the eingle 
links ; at B the pin is removed, 
and the TOrtical projection of the 
counterwik shown. The sides of 
all. the links must be carefully 
turned to the same radius as the 
sheave or the barrel of the winding 
drum. In this drawing if (using 
the eame notation as in page 335). 
A = 100, then B = 75, 1) = 52, C 
F.g. ,0. Fig. M. „52, andR = 4ioS- Thepitch, 

or distance from centre to centre, being about 383. In 
dredging machines the upper tumbler whidi drives all the 
buckets is square, and the links, which carry the buckets, are 
made quite straight on the side which is in contact with it and 
in effective length equal to the side of the square tumbler. 



The following Tables (to, 340-343) have been greatly ex- 
tended from those given in the " Philosophical Transactions," 
by Mr. E. Hodgkinson. That of the 3-;th powers of the 
diameters contains every tenth and eighth of an inch, from 
I to i; inches inclusive, and from 16 to 19.9 inches, every 
tenth and every quarter of an inch. That of the 1.63 powers 
of the length extends from i to 40 feet, giving every inter- 
mediate 6 inches, from 40 to 50 every foot of length, and from 
50 to 80 every fifth foot; and also a logarithm, which is that 



APPENDIX. 339 

of the quotient of the constant 42.359 divided by the length 
raised to the 1.63 power. 

To apply these Tables, let it be required to find the ulti- 
mate strength of a column, 24 feet 6 inches in height, and 10 
inches external diameter, the metal being |-inch thick, which 
gives an internal diameter of 8^ inches. The strength is 
therefore, 

lo'* - 8.25'* 
42.35 X 

24«S**" 
From the Table, the value of the numerator is 

3 162.28 - 61 .89 = 3 100.39 ; 

and if we do not use the logarithm opposite, 24.5, in the 
Table of the powers of the length, we must multiply by the con- 
stant, and divide by 183.81, which is the number opposite to 
a4-5> giving (3100.39x42.35=) 131301.5 -f- 183.81 =714.33 
tons. 

In the other case we have but to add to the log. of 
3100.39, which is 

3.49142 
To that in theTable of lengths, i .36248 

2.85390 

which answers to the number 714.33, as before, but with 
greatly reduced labour of computation. 

If the coefficient of stability be determined at 8, then the 
proper load of this column would be 89.3 tons. 

Again, let a column be designed 50 feet in height, and 
19.90 inches external diameter, and having a thickness of 
i|th inch of metal, giving an internal diameter of 17.65 
inches, for the 3.5*^ powers of this we may take the arith- 
metic mean between the 3.5*^ powers of 17.60 and 17.70, 
being the next lower and higher numbers given in the Table, 
namely — 

23100.52, and to its log. 4.36362 
Add that opposite 50 . 2*85753 

Answering to 1664 tons . • 3.221 1 5 
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Tablb of th$ 2nSth Powers of Numbers^ being the Diameters of 
Colwnm in Inches^ mth the Tenths and Eighths^ tip to ig, in 
most of them. 



Difuneters. 


S'5th Powers. 


Diameters. 


S'5th PDireon. 


Diameters. 




l.ooo 


1. 000 


4.000 


128.00 


7.000 


907.49 


. ICO 


1.396 


. 100 


»39-55 


. 100 


953.68 


.'a5 


i.Sio 


125 


'42.55 


.'25 


9^5.49 


.200 


1.893 


.200 


'51.83 


.200 


1001.53 


.250 


2. 184 


.250 


158.26 


.250 


1026.10 


.300 


2.505 


,300 


164.87 


.300 


1051.07 


.375 


3.048 


.375 


175.16 


.375 


1089.35 


.400 


3.247 


.400 


178.68 


.400 


1102.33 


.500 


4.1335 


.500 


'93.30 


.500 


"55-35 


.600 


5. 181 


.600 


208.76 


.600 


1210. 17 


.625 


5.470 


.625 


212.76 


.«»s 


1224. II 


.700 


6.406 


.700 


225.08 


.700 


1266.83 


.750 


7.0898 


.750 


233.57 


.750 


'295.85 


.800 


7.824 


.800 


242.29 


.800 


'325.35 


.875 


9.026 


.«75 


255.80 


.875 


'370.50 


.900 


9-454 


.900 


260.43 


.900 


1385.78 


2.000 


II. 314 


5.000 


279.5' 


8.000 


1448. 15 


. 100 


13.4205 


. 100 


299-57 


.100 


'5'2.5« 


.'»5 


13.99 


.«*5 


304.73 


.'25 


1528.87 


.200 


15.7935 


.200 


320.63 


.200 


'578.83 


.250 


17.086 


.250 


33'. 56 


.250 


1612.83 


•300 


18.452 


.300 


342. 74 


.300 


1647 33 


.375 


20.64 


.375 


360.02 


.375 


1699 99 


'400 


21.416 


.400 


365.9' 


.400 


1717.83 


.500 


H. 705 


.500 


390.18 


.500 


1790.47 


.600 


28.34 


.600 


415.58 


.600 


1865.30 


.6a5 


29.31 


■62s 


422. 10 


.625 


1884.34 


.700 


32-34 


.700 


442.14 


.700 


1942.31 


.750 


34.49 


.750 


455.87 


.750 


1981.66 


.800 


36.73 


.800 


469.89 


.800 


2021.53 


.875 


40.29 


.«7S 


49'-5' 


.875 


2082.55 


.900 


41.53 


.900 


498.86 


.900 


2103.12 


3.000 


46.76 


6.000 


529.09 


9.000 


2187.00 


. 100 


52.45 


. too 


560.60 


. 100 


2273.24 


.125 


^IP 


.'25 


568.70 


.'25 


2295.12 


.200 


58.62 


.aoo 


593.43 


.200 


3361.88 


.»50 


61.89 


.250 


610.35 


.250 


2407.11 


.300 


65.28 


.300 


627.61 


.300 


2452.96 


.375 


70.62 


.375 


654. '5 


.375 


2522.87 


.400 


72.47 


.400 


663.18 


.400 


2546.52 


.500 


80.21 


.500 


70c. 16 


.500 


2642.61 


.600 


88.52 


.600 


738.59 


.600 


274'. 25 


.625 


90.69 


.625 


748.45 


.625 


2766.30. 


.700 


97.43 


.700 


778.5' 


.700 


2842.50 


•750 


102. 12 


.750 


799.03 


.750 


2894. 12 


.800 


106. 96 


.800 


8x9.94 


.800 


2946.40 


.875 


"4.54 


.875 


852.01 


.875 


3026. 10 


.900 


"7.15 


.900 


862.92 


.900 


3052.98 
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Table of the 3.5^* Powers of Numhen^ being the Diameters of 
Columns in Inches^ with the Tenths and Eighths^ up to 15, 
most of them— (continued). 



in 



Diameters. 


3'5th Foirers. 


Diaineters. 


8'5tii Powers. 


Diaaieters. 


S'6fh Powers. 


10.000 


3162.28 


18. 000 


7921.40 


16. 00 


16384.00 


. 100 


3274.35 


.100 


8136.72 


.10 


16745.20 


.125 


3302.80 


.125 


8191.20 


.20 


17112.06 


.200 


3389.23 


200 


8356.20 


.25 


17297.60 


.250 


3447.73 


.250 


8467.51 


.30 


17484.60 


.300 


3506.95 


.300 


8579. 87 


.40 


17862.90 


.375 


3597.15 


.375 


8750.41 


•5° 


I8247. 10 


.400 


3627.57 


.400 


8807.79 


.60 


18637.10 


.500 


3751.13 


.500 


9046. 


.70 


18033.00 


.600 


3877.67 


.600 


9276.54 


.75 


19233.20 


.625 


3909.77 


.625 


9336.36 


.80 


19434. 90 
19842.80 


.700 


4007 . 22 


.700 


9517.48 


.90 


.750 


4073. H 


.750 


9639.61 


^ ttf 


^ A 


.800 


4139.84 


.800 


9762.85 


17.00 


20256. 80 


.875 


4241.36 


.875 


9949.83 


.10 


20676.90 


.900 


4275.56 


.900 


10012.70 


.20 
.»5 


21103.25 
21318.75 


11.000 


44«4-43 


14. 000 


10267.10 


.30 


21535-80 


. 100 


4556.49 


.100 


10526.08 


.40 


21974.70 


.»a5 


459*. 51 


.»a5 


10591.55 


.50 


22419.85 


.200 


4701.79 


.200 


10789.70 


.60 


22871.50 


.250 


4775.66 


.250 


10923.25 


.70 


23329-55 


.300 


4850. 36 


.300 


11058.00 


.75 


23561.04 


.375 


4963.98 


.375 


11262.30 


.80 


^3794. >5 


.400 


5002.27 


.400 


I 1331.00 


.90 


24265.30 


.500 
.600 

.625 

.700 

.750 
.800 


5157.54 
5316.22 

5356.43 
5478.36 

5560.74 
5644. 00 


.500 
.600 
.625 

.700 

.750 
.800 


11608.80 
11891.45 
11962.85 
12178.94 
12324.60 
12471.43 


18. 00 
.10 
.ao 

.^5 

.30 
.40 
.50 
.60 


24743.10 

25227.55 
25718.75 
25966.90 
26216.75 
26721.60 

27233-35 
27752.05 


.875 


5770.56 


.875 


12694.03 


.900 


5813.19 


.900 


12768.86 


12.000 
. 100 


5985-96 
6162.39 


15.000 
.100 


13071.30 
13378.86 


.70 

.75 
.80 


28277.80 

28543. 32 
28810.60 


.125 
.200 


6207.00 
6342.48 


.125 

.200 


« 3456. 55 
1369'. 55 


.90 


29350. ss 


•250 


6433.93 


.250 


13849.80 


19. QO 


29897 . 70 


.300 


6526.31 


.300 


14009.40 


.10 


30452.08 


.375 


6666.66 


.375 


14251.25 


.20 


31013.75 


.400 


6713.92 


.400 


14332.50 


.25 


31297.30 


.500 


6905.34 


.500 


14660. 90 


.30 


31582.80 


.600 


7100.63 


.600 


14994.65 


.40 


32159.26 


.«25 


7150.06 


.625 


15078.90 


•1° 


32743.20 


.700 


7299.83 


.700 


15333.80 


.60 


33334.68 


.750 


7400. 92 


.750 


15505 36 


.70 


33933.70 


.800 


7503-00 


.800 


'5678.34 


.75 


34*36. 15 


.875 


7658.00 


.875 


15940. 35 


.80 


34540.47 


.900 

1 


7710. 16 


.900 


16028.40 


.90 


35154.90 



342 



APPENDIX, 



Tablb of Numbers raised to the 1.63 Power ^ being the Lengths 
in Feety of Columnsy and also the Logarithm of the Constant 
42.35, divided by the several Powers. 



Length 


1*63 Powers 


Log. of Constant, 


Length 


1*68 Powers 


Log. of Ck)nstazit, 


in 


of 


divided by 


in 


of 


divided hy 


Feet. 


Length. 


Oolnmn 2. 


Feet. 


Leng^. 


Goliunn 3. 


I.O 


1.0 


1.62685 


19.0 


121.44 


1.54249 


a.o 


3.10 


I. 13549 


19.5 


126.69 


I. 52410 


a.5 


4.45 


0.97823 


20.0 


132.03 


I. 50618 


3.0 
4.0 


5-99 
9.58 


0.84914 
0.64549 


20.5 


137.45 


1.48870 


5.0 


13.78 


0.48753 


21.0 


142.96 


I. 47164 


S'S 


16. 10 


0. 42006 


21.5 


148. 55 


1.45498 


6.0 


18 SS 


0.35846 


22.0 


154.22 


I. 4387 I 


6.5 


21. 14 


0.30180 


22.5 


160.00 


1.42279 


7.0 


23.85 


0. 24936 


23.0 


165.81 


1.40724 


7.5 


26.69 


0. 20050 


23.5 


171.73 


1.39200 


8.0 


29.65 


0. 1548 I 






^ 




^ •^ 


«# ■ 


24.0 


177.72 


1.377" 


8.5 


3».73 


0. moo 








9.0 


35.93 


0.07139 


^4.5 


183 81 


1.36248 


9-5 


39. *4 


0.03316 


a5-o 


189.95 


I. 3482 I 


10. 


42.66 


1.99683 


*5-5 


196.18 


I. 33419 


10.5 


46.20 


I. 96231 


26.0 


202.49 


1.32045 


II. 


49-83 


1.92938 


26.5 


208.88 


1.30696 


".5 


53.57 


1.89792 


27.0 


215.34 


1.29373 


12. 


57.4* 


1.86779 


27.5 


221.87 


1.28074 


".5 


61.37 


1.83889 


28.0 


228.49 


1.26799 


13*0^ 


65.4a 


1.81114 


28.5 


235.17 


i. 25546 


»3.5 


69.57 


1.78443 


29.0 


241.94 


I. 24314 


14.0 


73.82 


1.75866 


29.5 


248.77 


1. 23105 


'4.5 


78.17 


«*. 7338a 


30.0 


255.68 


1.21915 


15.0 


82.61 


1.70982 


30.5 


262.67 


1.20744 


^S'S 


87.14 


■1.68663 


31.0 


269. 72 


I . 19593 


16.0 


91.77 


I . 66415 


3».5 


276 85 


'1.18461 


«<J.5 


96.49 


1.64237 


32.0 


284.85 


I 17346 


17.0 


101.31 


I. 62122 


32.5 


291.32 


I. 16249 


17.5 


106 21 


1.60070 


33.0 


298.66 


1.15167 


18.0 


ill. 20 


1.5807s 


33.5 


306.07 


1.14104 


18.5 


116.28 


I. 56136 


34- 


313.55 


I. 13054 
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Table of Numhera raised to the 1.63 Potver — (continued). 



Length 

in 
Feet. 


1*63 Powers 

of 

Length. 


Log. of Constant, 
divided bv 
Oolmnn 2. 


Length 

in 
Feet. 


1-68 Powers 

of 

Length. 


Log. of Constant, 
divided by 
Column 3. 


34.5 


3*1.10 


I.I202I 


43.0 


459.79 


2 . 96430 


35.0 


328.72 


I . I I002 


44.0 


477.34 


3.94803 


35.5 


336.41 


1.09998 


45- 


495. 14 


2.93213 


36.0 


344.17 


i. 09008 


46.0 


513.31 


3.91655 


36.5 


351.99 


I . 08032 


47.0 


531.53 


3.90133 


37.0 


359.89 


1 . 07068 


48.0 


550.07 


3.88643 


37.5 


367.85 


1.06118 


49.0 


568.89 


3.87183 


38.0 


375.88 


1.05181 


50.0 


587.93 


». 85753 


38.5 


383.97 


'.04355 


55.0 


686.73 


i. 79007 


39- 


39*. n 


1.03342 


60.0 


791.38 


3.73847 


39-5 


400.37 


I . 02439 


65.0 


901.66 


3.67181 


40.0 


408.66 


1. 01549 


70.0 


1017.45 


3.61934 


40.5 


417.02 


T. 00669 


75.0 


1138.54 


3.57050 


41.0 


435.44 


2.99802 


80.0 


1264.84 


3. 53483 


42.0 


442.48 


2.98096 
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Four Glasses of Resistances, . , 

I St. Resistance to Direct Extension, instances 

of. 
2nd. Resistance to Direct Compression, do. 
3rd. Transverse Resistances, as in Beams, how- 
ever fixed or loaded, producing indirectly 
both the former. 
4th. Resistance to Torsion. 
Illustrations of all these taken from the double- 
acting beam engine ; the several materials of 
construction enumerated, .... 

DiBECT Resistance to Tensile Fobcbs. 

Cast Iron. — Proposition as to, . 

Necessary conditions in good Experiments. Im- 
portance of the form of the specimen, and con- 
struction of the apparatus employed. 

Description of Mr. E. Hodgkinson's apparatus, . 

Low value of Cast Iron when resisting Tensile 
Forces, 

Experimental proofs of the proposition in { 3. 
General averages of the specific gravities, and 
of the breaking weight in tons pfir square 
inch, 

Specimen of the original Table from which the 
above has been aboreviated, .... 

Notice of Mr. Morris Sterling's patent mixture, . 

Explanation of the column headed *' Specific Gra- 
vity." § 8. Difference observed in portions 
cut from thick and tftiin parts of a casting, 

Notice of further experiments. General mean, . 

Objections raised against this low result, grounded 
on the peculiar form of the specimens used. 
Further experiments to disprove this, . • . 

Experiments to show the importance of the co- 
incidence of the axis of the specimen with the 
resultant of the applied forces. Results of, . 

Malleable Iron. — l^roposition as to resistance 
of. Resistance of, as boiler plate, in rods and 
bars of hieh quality, and as drawn wire, . 

Experimental proofs, 

* a 
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Fa|pe« 



4» 5. 6 


3» 4 


7 


4 


8 


5 


9 
IP 


6 


II 
12 


«. 7 
7 


'3 


7.8 


14-17 


«. 9 


18 
19 


9 
10, 1 1 
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Reduction of experiments, and ralue of, adopted 
by Telford 

Captain Browne's experiments on, 

Bruners experiments on hammered wrought iron, 

Telford's experiments on iron wire, 

Fairbairn*s experiments on; form of specimen 
woodcut showing actual dimensions of section 
and same after &acture, . . . . . 

Table experiments on Lowmoor plates, 

Table showing strength in the line of the fibre, and 
across do., 

£. Clarke's experiments on, . 

Important remark as to the necessity of obserying 
the ultimate extension as well as the ultimate 
resistance, ....... 

General comparison of the results ; gradual diminu- 
tion of the ultimate resistance obtained by the 
later experimenters ; probable explanation of. 

Resistance of, in the direction of the fibre, and 
across do. ; Clarke's experiments contrasted 
with Fairbaim, . . . . 

Other experiments by E. Hodgkinson and Mr. 
Mare, 

Comparison of cast and wrought iron, . 



Practical Applications. 

Coefficient of safety, 

Ditto, deduced from large and successful works, 

Ultimate resistance when several pieces are com- 
bined; modes of combination, . 

Description of the methods of riveting. 

Principle on which the diameter and interval be- 
tween rivets should be designed. 

Shearing resistance of wrought iron ; Clarke*s ex- 
periments, 

Investigation of the proper distance and diameter 
of rivets, 

Examples of, from different structures, 

Tabular statement of, from Fairbaim, . 

Various forms of joints described and illustrated. 

Description of V-formed joints, &c. Oval rivets, 

Resistances of screwed stay-pins of boiler fire- 
boxes . . . 

Experiments on, by Fairbaim, . . . 

Proportions of nut, head, and bolt in screw bolts, . 

Proportions of wrought iron chain cables ; ex- 
amples^ . . 

Proportions of links and pins in suspension bridges, 
&c. ; Vide Appendix No. I., . . . . 

Ropes of wrought iron ; higher tensile resistance 
of vdre than in the form of bars, the quality 
being equal; reasons for, . . . . 

Comparison of wire and hempen cables ; tabular 
statement of ditto, 
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21, 22 

*3 
24 



»5 
26 



27 
28 



29 

30 

31 

3* 
33 



10 
II 

XI 

12 



12 
*3 



'4 
14 



'5 
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16 

16 
16 



34 
35 


18 


36» 37 
38 


20, 21 


39» 40 


22 


41, 42 


~ 23 


43 

44 

44 

45 
46 


a5> a6 

27 

28 

29, 30 
29, 30 


47 

47-5» 

53, 54 


30 
31-34 
35»3« 


55-57 


37, 38 


58-64 


39» 44 


65 


45 


66 


4« 
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Examples of, in mines, 

„ suspension bridgesi 

Miscellaneous examples, showing the utility of 

wrought iron, 

As tanks, in lien of casks, in sea-going vessels, 
Specific gravity of wrought iron ; practical rules 

for weights of rails, bars, and plates, 



Resistancs of TniBEB. 

Proposition as to ; Barlow's experiments ; form of 
specimens, . . . 

Method of conducting experiments, 

Tabular statement of experiments on fir timber 
specific gravity, and resistance, 

Experiments on other kinds of timber, . 

Tensile resistance of timber when several pieces 
act in combination ; methods of uniting ; dif- 
ferent modes of failure, 

Lateral resistance, experiments on, . . . 

Tabular statement of, 

Example showing its influence in practice, . 

Pit-work of the Cornish pumping engine; ex- 
amples, 

Example of suspending shafts in tunnelling, . 

Example in the king post, roof, &c.. 

Comparison of fir timber, wrought iron, and cast 
iron, as to weight and strength, 

Bond timbers in brick work, 



Art. 



DiRBCT Resistance to compebmimo Fobces. 

General statements, comparing with tensile re- 
sistance ; importance of form and proportion 
in the specimens for experiment. 

Illustrations, 

Division of subject as to form of specimen, . 



Cast Ieon. 

Proposition as to ultimate resistance of short 
specimens, and a description of machine 
used, 

Experimental proofs, 

Comparison of tensile and compressive resistance. 

General average resistance to compression, . 

Form of fracture of specimens of cast iron, . 

Ultimate resistance as depending on length of spe- 

. cimen ; three distinct expressions of the law of 

resistance, 

Flexure and elasticity, 

Strength proportional to area, .... 

Strength of long pillars ; Euler's deductions, 

Table.— Strength of long pillars, ends rounded, . 
»» »> j> flat, 
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68 

69 

70 
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96 

97 
98 
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47 

48 
49 

50 
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73 


5» 


74 


53 


75 


54 


76 


55 


77 


55 


78 


56 


79 


56 


80^6 


57-^1 


87-90 


61-63 


91-93 


64 


94 


65 


95 


65 



66 

67 



99-101 


68 


102-107 

108 


70-74 
75-70 


109 


77 


III-II7 


78-81 


118 


82 


19, lai 


83 


122 


84 


"3 


85 


124 


86 


"5 


87 
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Deductions from these Tables ; method of deter- 
mining the index of the diameter, and of the 
length to which the strength is proportioned ; 
and Tables of additional and larger experi- 
ments by £. Hodgkinson, .... 

Determination of the constant, .... 

Application to determine the ultimate resistance 
of pillars of g^yen dimensions, .... 

Comparatiye strength of long pillars, ends flat and 
ends rounded, and with one end flat and one 
rounded; attempt to explain the relation by 
E. Hodgkinson, 

Laws of the strength of similar pillars and expe- 
rimental proofs, ...... 

Converse proposition, and strength of pillars other 
than uniform cylinders, 

Strength of long uniform square pillars. 

Hollow cast iron pillars ; difficulty of casting per- 
fectly concentric, 

Extension of the laws of solid pillars to those oast 
hollow, 

Table Ultimate resistance of hollow pillars; 

ends rounded, 

Table Ultimate resistance of hollow pillars ; 

ends flat, . . . . . 

Explanation of the different columns of these 
Tables, 

The fractional indices for the diameter and length 
do not contradict the theory of Euler, 

Consideration of the third distinct expression of 
the laws of the strength of pillars ; approxi- 
mate rule ; formula of E. Hodgkinson, 

Comparison of experimental results and the abore 
formula, ........ 

Relative strengths of hollow cylinders of different 
forms, 



PBiLCTicAL Applications of Cast Ibom in 

Compression. 

Great utility of, under this head, lateral flexure 

to be guarded against, 

Strength of solid compared with hollow pillars, . 
Geometrical construction for obtaining columns 

of equal weight when diameters vary, 
Relative strength of solid and hollow pillars of 

equal weight and different diameters. 
Two classes of problems in designing cast iron 
columns according to the data (2nd Class, Art 

163, p. 163), 

Subdivisions of the first of these two classes, 
Given (ist subdivision), the load on the pillar, 
the coefficient of safety, the height, and the 
ratio of length to diameter, to calculate the 
internal diameter of the pillar (a second nu* 
merical example at p. 141). Reference to, and 



Art. 



126 

127 

128 



129 

130 

130 a 
'3' 

m 

'3» 
'33 
'34 

'35 

'3^, '37 
138 

'39> '44 
145, 146 

147, 148 



88-94 
95 

97 



98-101 

102, 103 

104, 106 
107 

109, III 

iia, 113 

114 

"5 
ii6>ii9 

120, 121 

122-127 

128 

129, 131 



149 
150 


'3» 
'33 


'5' 


'34 


15* 


'35 


'53 

i54-'57 


'35 
136 
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explanation of, Tables at end of Appendix; 
reference to, and explanation of Diagram, Fig. 

35, for raising the diameters to the 3'5th 
powers. Coefficient of safety, usual limits of, 
proportions of height to diameter in the classic 
columns, tapering columns, .... 

Given (2nd subdiyision), the height of piUar, the 
greatest load and coefficient of safety, the ratio 
of the internal to the external diameter, to 
compute the external diameter, 

Giyen (jrd subdivision), the height of pillar, tl^e 
greatest load and coefficient of safety, and the 
thickness of the ring of metal, to compute the 
internal and external diameters, Diagram, Fig. 

36, to facilitate the calculation, and to solve 
the converse, 

Given (4th subdivision), the height of pillar, the 
greatest load and coefficient of safety, the 
transverse area (that is, the weight of the 
pillar), to compute the external aud internal 
diameters ; Diagram, Fig. 37, to facilitate the 
calculation, . 

Second class of problems in designing cast iron 
columns according to the data, 

Example, from Mr. William Anderson, of pillars 
in Royal Bank, 

Example, from Tredgold, of pillars supporting 
floors of a warehouse, 

Example of pillars in shop fronts supporting walls, 
floor, and roof oi house ; computation of load 
on, 

Pillar, introduced at Exhibition Building, 1851 ; 
and Crystal Palace, Sydenham, . . . 

Preliminary remarks on the descriptions of recent 
works which follow, 

Exhibition Building, 1851, general description, , 

Description of ground plan, ..... 

Diagonal bracing, ....... 

Tran verse section, different classes of columns 
and their respective loads, .... 

Dimensions of parts, multiples and sub-multiples 
of the number eight ; origin of, same at Crystal 
Palace ; general dimensions and cost. 

Detail of base-piece of pillars (dele 177 at middle of 

„Pi77), 

Pillars, attachment to base, and detail of the shafts 

of, 

Details of diagonal bracing, 

Details of connecting piece, 

General view of the seven separate pieces of the 
highest columns; authorities quoted in this 
description, . . ... 

Example. — Midland Railway Goods Store, North- 
wall-quay, Dublin, 

General description of; three classes of pillars, 
A, B, and C, . . . . . . 

Foundations of pillars ; details of base-piece, 
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Details of pillars, class A ; novel method of in 
creasing the bearing area ; iron cement, . 

Upper flange of, adapted to wrought iron girders, 
connecting piece, &o., .... 

Details of column, class B, . . . . 

Details of column, class C, . . . . 

General dimensions of building. 

Estimate of greatest load on a column of any 
class ; authorities for this example, . 

ExAMPLB. — Carlisle Pier, Kingstown Harbour, 

Peculiarities of the site, and resulting require- 
ments of the pillars, 

General dimensions of pier, and of supported roof, 

Details of pillars, &c. ; authorities for this example. 

Example of landing sheds; foundations of, and 
details ofpillars, 

Example of Fire-proof Building (so-called) ; gene- 
ral arrangements, 

Description of the assemblage of pillars, brick 
arches, &c., 

Details of pillars, base pieces. 
Do. Shaft of columns, capitals, tie base, &c., . 
Do. of the attachment of girders to the top of 
pillars, 

Details, sockets on top of columns, do. of segmen- 
tal brick arches, tie bars for do., hollow bricks, 

Example Warehouse, Marseilles Docks ; peculiar 

form of pillar used, details of, . 

General dimensions of building, cost, &c.. 

Particular form of column employed sometimes in 
lighter buildings, 

Example.— Erith &on Works ; general description 

of, 

Dimensions of sheds, &c., 

Details of twin pillars, 

Do. of flanges, &c., on head of twin pillars. 
Advantages of twin pillars, lateral stiffness, &c., . 
Form ofpillars, roofs of building slips, advantages 

Ol| OwC/«tt m • • • • • • • 

Pillars cast in several lengths, bolted together 
with flanges'. Examples — Exhibition Building, 
London, 1862; Joint Station, Birmingham, 

Fire-proof building. Sugar Refinery, Dublin, 



Wrought Ibon. 

Proposition, resistance to compression, . 
Contrasted with cast iron, 

Tabular statement in proof of § 226, ) 

Tables arranged to determine the law of the 
strength as depending on the length ; and also 
on the forms of the ends of the pillars. 

Computation of the inverse power of the length to 
which the strength is proportional; tabular 
statement, 
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Law of the strength as depending on the diameter, 
General expression for strength of wrought iron, 
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Computation of the constant, 

Summary of results in cast and wrought iron, 
Tabular statement comparing these two materials, 

&c., 
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plates of wrought iron, new facts elicited, • . 

Illustration of the crumpling or buckling of wrought 

iron, &c., . . ' 
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Laws above deduced limited to about nine tons 
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Experiments showing the advantage of thicker 
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Deductions from do 

Illustration of method of failure 

Experiment by Mr. Fairbairn on very large scale,* 
Deductions, nrom § 257, as to the effect of length 
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Table ; resistance of cylindrical tubes of wrought 
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height, nearly constant ; operation of two dis- 
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Illustration of method of failure, .... 
Application of cylindrical tubes in Chepstow and 
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Application, as a pillar, to wrought-iron light- 
houses, as at Buda in Spain, .... 

Experiment by Mr. Mitchell to determine the 
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Wrought iron pillars in the construction of large 
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Important comparison of results when seasoned 
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Results deduced from the Table as to the yalue of 
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Determination of the constants, .... 
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By George Henry Lewes. 

Fourth Editiony 2 vols, Svo, ^2s, 

Sketch of the History of 

the Church of England to 
the Revolution of i6SS. 
By the Right Rev. T. V. 

Shorty D.D. Bishop of 
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The Historical Geogra-- 

phy of Europe. 

By E. A. Freemany D.C.L, 
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The Student's Manual 
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By W. CookeTaylory LL.D. 
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The Student's Manual of 
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The Era of the Pro- 
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The Crusades. 

By the Rev. G. TV. Cox, 
M.A. 
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The Thirty Years' War, 
1618-1648. 

By Samuel Raivson Gar- \ 
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The Houses of Lancaster 
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Edward the Third. 

By the Rev. W. Warburton, 
M.A. 

Fcp, %vo, with MapSf 2s. M. 
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Autobiography. 
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of Richard Whately, D.D. 
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New Edition in I vol. Crown ^0, 
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Life and Letters of Gil- 
bert Elliot y First Earl of 
MintOy from 1751 to 1 806, 
when his Public Life in 
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Recollections of Past 
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By Mark Pattison, Rector 
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[In the press. 



Life of Alexander von 
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Edited by Karl Bruhns, 
and translated by Jane 
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With 3 Portraits, 2 vols, Zvo. 36J. 

Biographical and Criti- 
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Reviews, with Additions 
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Second Series, 2 vols. %vo. 2%s, Third 
Series^ i vol. Svo, 14s, 



The Life of Isambard 

Kingdom Brunei, ^ Civil 
Engineer. 

By I. Brunei, B.C.L. 

With Portrait, Plates, and Woodcuts. 
Svo. 21s. 

Lord George Bentinck ; 

a Political Biography. 

By the Right Hon. B. 
Disraeli, M.P. 

Eighth Edition, Crown Svo. 6s, 

Memoir of George Ed-- 

ward Lynch Cotton, D.D. 
Bishop of Calcutta; with 
Selections from his Jour- 
nals and Correspondence. 

Edited by Mrs. Cotton. 

Second Edition, Crown Svo, Js, 6d, 

The Life and Letters of 

the Rev. Sydney Smith. 

Edited by his Daughter, 
Lady Holland, and 
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Crown Svo. 2s. 6d. sewed; ^s. 6d, cloth. 

Essays in Ecclesiastical 

Biography. 

By the Right Hon. Sir J. 
Stephen, LL.D. 

Cabinet Edition. Crown Sfvo. *js. 6d. 
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Flood, Grattan, O'Connell. 

By W. E. H. Lecky, M.A. 

Crown Svo. *js. 6d. 



8 



NEW WORKS PUBLISHED BY LONGMANS & CO. 
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Felix Mendelssohn's 

Letters from Italy and 
Switzerlandy and Letters 
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The Rise of Great Fami- 
lies; other Essays and 
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Dictionary of Gefterai 
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Concise Memoirs und No- 
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Memoirs of Sir Uenry 

Havelocky K.C.B. 
Byjohn Clark Maf^sAman, 

Peoples Edition, Cronun %vo. jr. 6/. 

Vicissitudes of Fatnilies. 

By Sir Bernard JBurke, 
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New Edition, 2 vols, crown Svo. 21/". 
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The System of Positive 

Polity y or Treatise upon So- 
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lytical Tables of Contents. 
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Vol, I, The General View of Positive 
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Vol. IV. The Ideal of the Future oj 
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Political Problems, 
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Essays. 
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JBssays Critical & Nar- 

^rative, partly original and 
partly reprinted from Re- 
views. 
By W. Forsyth, Q.C. M.P. 
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Essays on Freeihinking 
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* By Henry Rogers. 
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Democracy in America. 

By Alexis de Tccqueville, 
Translated by Henry 

Reeve, C.B. D.C.L. 

. Corresponding Member 

of the Institute of 

France. 

Nciv Edition. 2 vols, post Svo. [In tlu press. 

On Representative Go-- 

vermnent. 

By John Stuart MilL 

Fourth Edition^ crown %vo, 2s, 



On Liberty. 

By John Stuart Mill. 
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Principles of Political 

Economy. 

By John Stuart Mill. 
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By John Stuart Mill. 

Second Edition, Svo. 6j. dd. 

Utilitarianism. 

By John Stuart MilL 

Fourth Edition, Svo. ^s, 

A System of Logic, 

Ratiocinative and Induc- 
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Examination of Sir 

William Hamilton s Phi- 
losophy, and of the princi- 
pal Philosophical Questions 
discussed in his Writings. 
By John Stuart Mill. 

Fourth Edition. Zvo. i6j. 

TheSubjection oflVomen. 

By John Stuart Mill. 

New Edition, Post Svo. 5^. 

Dissertations and Dis-- 

cussions. 

By John Stuart Mill. 

Second Edition. 3 vols. Svo. 3dr. 
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Principles of Economical 
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Barrister -at- Law. 
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The Institutes of Jus- 
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and Notes. 
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Lord Bacon's Works, 

Collected and Edited by R. 
L. Ellis, M.A. J. Sped- 
ding, M.A. and D. D. 
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Neva and Cheaper Edition. 7 vols. Svo. 
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Letters and Life oj 

Francis Bacon, including 
all his Occasional TVorks. 
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a Commentary, by J. 

Spedding. 

7 vols. Svo. £4. 4s. 

The Nicomachean Ethics 
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lated into English. 
By R. Williamsy B.A. 
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The Politics of Aristotle; 
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Notes. 
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New Edition^ revised. Sivo, i&r. 

The Ethics of Aristotle; 

with Essays and Notes. 
By Sir A. Grant, Bart. 
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Third Edition^ revised and partly re-uoritUn, 
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Bacon's Essays, with 

A nnotations. 

By R. Whately, D.D. 
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Elements of Logic. 

By R. Whately, D.D. 
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^n Introduction to Men- 
tal Philosophy, on the In- 
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By y. D. Morell, LL.D. 
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Elements of Psychology^ 

containing the Analysis of 
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Post Svo, p. 6d. 

The Secret of Hegel : 

being the Hegelian System 
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and Matter. 
By y. H. Stirling, LL.D. 

2 vols. Svo. 2&J'. 

Sir William Hamilton ; 

being the Philosophy of 
P erection : an Analysis. 
By y. H. Stirling, LL.D. 

Svo. 5j. 

The Philosophy of Ne- 
cessity; or. Natural Law 
as applicable to Mental, 
Moral, and Social Science. 
By Charles Bray. 

Second Edition, Svo. gs. 



Ueberwe^ s System of 

Logic, and History of 
Logical Doctrines. 

Translated, with Notes and 
Appendices, by T M. 
Lindsay, M. A. F.R.S.E. 

Svo. i6j. 

The Senses and the 

Intellect. 

By A. Bain, LL.D. Prof 
of Logic, Univ. Aberdeen. 

Svo. \^s. 

Mental and Moral 

Science; a Compendium of 
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By A. Bain, LL.D. 
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Part 11. Moral Science, 4r. dd. 

Hume's Treatise on Hu- 
man Nature. 

Edited, with Notes, &c. by 
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the Rev. T. H. Grose, 
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2 vols. Svo. 2Ss. 
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2 vols. Svo. 2Ss. 

%* T!ke ahffveform a complete and uniform 
Edition of Hume's Philosophical 
Works. 
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cellaneous Writings and 
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Works ofT^hotnas Arnold, 
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Realities of Irish Life. 

By W. Steuart Trench, 
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on the Science of Religio^h 
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By F. Max Muller, MJ- 
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By F. W. Farrar, M.A. 
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u4 Budget of Paradoxes. 
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FR.A.S. 
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Seaside Musings on Sun- 
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Counsel and Comfort 

from a City Pulpit. 
By A. K. H. B. 

Crown Svo, 3^. 6</. 

Lessons of Middle Age. 
By A. K. H. B. 

Crown Svo. 3^. 6d. 

Leisure Hours in Town 

By A. K. H. B. 

Crown Svo. 3J. (ui, 
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The Autumn Holidays 

of a Country Parson. 
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Crown Svo, 3j>\ 6</. 
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Crown Svo, y. (>d, 

Present-Day Thoughts. 
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Crown Svo. y. 6d, 
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7 wo Series, y, 6d, each. 
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Ero7n y^anuary to Di- 
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Second Edition. Svo. 3J. 6d. 

The Election of Repn-^ 

sentativeSy Earliamentar 
and Municipal; a Treatk 
By Thos. Hare, Barristtr 

Fourth Edition. Post Svo. "js. 

Miscellaneous JVritingi 

of John Cofiingtony ALA. 

Edited by y. A. Syntonic. 
M.A. TVith a Memoir 
by H. y. S. Smzih, MA, 

2 vols. Svo. 2Ss. 
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^ Dictionary of the 

English Language. 
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M.D. F.R.S. Founded 
on the Dictionary of Dr. 
S. yohnson, as edited by 
the Rev. H. J. Todd, 
with numerous Emenda- 
tions and Additions. 
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Thesaurus of English 

Words and Phrases, classi- 
fied and arranged so as to 
facilitate the expression of 
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Composition. 

By P. M. Roget, M.D. 

Crown Svo. los. 6d. 



English Synonymes. 

ByE.y. Wkately. Editd 
by Archbishop Whakl). 

Fifth Edition. Fcp. Svo. y. 

A Practical Dictionar) 

of the French and English 

Languages. 

By Ldon Contanseau, many 
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for Military and Civil 
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Post Svo. I or. d^f. 

Contanseau' s Pocket Dic- 
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lish, abridged from i^^ 
Practical Dictionaty, ^1 
the Author. 

Square \Smo. y, 6d. 
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rsieTV Practical Diction- 

ary of the German Lan- 
guage ; German - English 
and £nglish'Germa?t. 

By Rev. W. L. Blackleyy 
M.A. and Dr. C. M. 
Friedldnder. 

Post Svo. ys. 6d. 

^ Dictionary of Roman 

and Greek Antiquities. 
With 2,000 Woodcuts 
from Ancient Originals ^ 
illustrative of the Arts 
and Life of the Greeks and 
Romans. 
By Anthony Rich, B.A. 

Third Edition, Crown %vo. *]s, 6d. 

The Mastery of Lan- 
guages; or, the Art of 
Speaking Foreign Tongues 
Idiomatically. 
By Thomas Prendergast. 

Second Edition* Svo, dr. 

^ Practical English Die- 

tionary. 

By John T. White, D.D. 

Oxon. and T. C. Donkin, 

M.A. 

I vol, post Svo. uniform with ContanseatCs 
Practical French Dictionary. 
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A Latin-English Die- 

ttofiarv. 

By John T. White, D.D. 

Oxon. and J. E. Riddky 

M.A. Oxon. 

Third Edition^ revised, 2 vols. 4A?. 42J. 



White's College Latin- 

English Dictionary ; 
abridged from the Parent 
Work for the use of Uni- 
versity Students. 

Medium Svo, iSs, 

A Latin 'English Die-- 

tionary adapted for the use 
of Middle-Class Schools, 

By John T. White, D.D. 
Oxon. 

Square fcp. %vo. y. 



White' syunior Student's 
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Square i2mo. 12s, 
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^ Greek-English Lexi-- 
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By H. G. Liddell, D.D. 
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and R. Scott^ D.D. 
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Sixth Edition, Crown 4A7. 361. 



A Lexicon, Greek and 
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Mr. Yonge' s New Lexicon, 
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Square i2mo. Ss, 6d, 

M^CullocJts Dictionary, 

Practical, Theoretical, and 
Historical, of Commerce 
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tion. 
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%vo. 63J. 
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Complete Dictionary of all 
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men's Seats, in Great Bri- 
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to the nearest Post Town, 
Railway & Telegraph Sta- 
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In I voL %rvo, of about 1,^00 pages. 
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A General Dzc^ftonary 

of Geography, Dfesct^if>tizr. 
Physical, Statisizatl^ and 
Historical; forming' a com- 
plete Gazetteer of t^ IVorld. 
By A. Keith J^ohnston, 
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The Public Schools ^tlas 

of Modern Geography. In 
3 1 Maps, exhibiting^ clearly 
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by Rev. G. Butler, M.A, 

Imperiai quarto^ 3J. (id, sewed \ $s. cloth. 

The Public Schools Ma- 

nual of Modern Geography 
Forming a Companion to 
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By Rev. G. Butler, M.A. 
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The Public Schools Atlas 

of Ancient Geography. 
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By R. A. Proctor, B.A. 

WithiQ Plates and 24 Woodcuts, Svo, 12s. 

The Moon ; her Motions, 

Aspect, Scenery, and Phy- 
sical Condition. 
By R. A. Proctor, B.A. 

With Plates^ Charts^ Woodcuts^ and Lunar 
Photographs, Crown ^0, I ^. 

The Sun ; Ruler, Light, 

Fire, and Life of the Pla- 
netary System. 
By R. A. Proctor, B.A. 

Second Edition, Plates and Woodcuts, Cr. 
%vo, \\s. 



Saturn and its System. 

By R. A. Proctor, B.A. 

St'o. with 14 Plates, 14^. 

The Orbs Around Us; a 

Series of Familiar Essays 

on the Moon and PlanetSi 

Meteors and Comets, the 

Sun and Coloured Pairs of 

Suns. 

By R. A. Proctor, B.A. 

Crown %vo. ys, 6d, 

Other JVorlds than Ours; 

The Plurality of Worlds 
Studied under the Light 
of Recent Scientific Re- 
searches. 
By R. A. Proctor, B.A. 

Third Edition^ with 14 Illustrations, Cr. 
Svo. los, 6d, 

Brinkley's Astronomy. 

Revised and partly re-writ- 
ten, with Additional Chap- 
ters, and an Appendix of 
Questions for Examination. 
By John W. Stubbs, D.D. 

Trin. Coll. Dublin and 

F. Brunnow, Ph.D. 

Astronomer Royal of 

Ireland. 

With 49 Diagrams, Crown %vo, 6/» 

Outlines of Astronomy. 

By Sir y. F. W. Herschel, 
Bart. M.A. 

Latest Edition^ with Plates and Diagrams. 
Square crown ^0, I2x. 
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A New star Atlas, for 

the Library y the School^ and 
the Observatory, in 1 2 Cir- 
cular Maps {with 2 Index 
Plates). 

By R. A. Proctor, B.A. 

'*' Crown Sz/o. ^s. 

Celestial ObjectsforCom- 

mon Telescopes, 
By T. W. Webb, M.A. 
RR.AS. 

New Edition^ with Map of the Moon and 
Woodcuts, Crown %vo. *js, dd. 

LargerStarA t las, for the 

Library, in Twelve Cir- 
cular Maps, photolitho- 
graphed by A, Brothers, 
F.R,AS. With 2 Index 
Plates and a Letterpress 
Introduction. 
By R. A. Proctor, BA. 

Second Edition. Small folio, 25J. 

Magnetism and Devia- 
tion of the Compass. For 
the use of Students in Navi- 
gation and Science Schools. 
By J. Merrifield, LL.D. 

iSmo. IS. 6d. 



Dove's Law of Storms, 

considered in connexion with 
the ordinary Movements of 
the Atmosphere. 
Translated by R. H. Scott, 
M.A. 

^0. I or. 6d. 

Air and Rain ; the Be- 
ginnings of a Chemical 
Climatology. 
By R. A. Smith, F.R.S. 

Svo. 24s, 

Nautical Surveying, an 

Introduction to the Practi- 
cal and Theoretical Study 

of. 

By y. K. Laugh ton, M.A. 

Small ^0. 6s. 

Schellen's SpectrumA na- 

lysis, in its Application to 

Terrestrial Substances and 

the Physical Constitution of 

the Heavenly Bodies. 

Translated by jfane and 

C. L ass ell ; edited, with 

Notes, by W. Muggins, 

LL.D. F.R.S. 

With 13 Plates and 22-^ Woodcuts. Svo. 2&r. 



NATURAL HISTORY and PHYSICAL 

SCIENCE. 



The Correlation of Phy- 
sical Forces. 

By the Hon. Sir W. R. 
Grove, F.R.S. &c. 

Sixth Edition, with other Contributions to 
Science. Sw. i$s. 






Professor Helmholtz' 

Popular Lectures on Scien- 
tific Subjects. 
Translated by E. Atkinson, 
F.C.S. 

With many Illustrative Wood Engravings. 
Svo. 12s. 6d. 
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Ganofs Natural Philo- 
sophy for General Readers 
and Young Persons; a 
Course of Physics divested 
of Mathematical Formulce 
and expressed in the Ian- 
guage of daily life. 

Translated by E. Atkinson^ 
PCS. 

Cr. Svo, with 404 Woodcuts, *]s. 6d. 

Ganofs Elementary 

Treatise on Physics, Ex- 
perimental and Applied, 
for the use of Colleges and 

Schools. 

Translated and edited by E. 
Atkinson, F.CS. 

New Edition^ with a Coloured Plate and 
726 Woodcuts, Post Svo. 1 5 J. 

Principles of Animal 

Mechanics. 

By the Rev. S. Haughton, 
F.R.S. 

Second Edition, ^0, 2is, 

JVeinholcfs Introduction 

to Experimental Physics, 
Theoretical and Practical ; 
including Directions for 
Constructing Physical Ap- 
paratus and for Making 
Experiments. 

Translated by B. Loewy, 
F.R.A.S. With a Pre- 
face by G. C. Foster, 
F.R.S. 

With numerous Woodcuts, Svo, 

[Nisdrfy ready. 



Text-Books of Science^ 

Mechanical and Physical^ 
adapted for the i4se of Arti- 
sans and of Students in 
Public and other Schools. 
{The first Ten edited by 
T. M. Goodeve, M.A. Lec- 
turer on Applied Science at 
the Royal School of Mines; 
the remmnder edited by 
C. W. Merrifield, F.R.S. 
an Examiner in the De- 
partment of Public Educa- 
tion^ 

Small Svo. Woodcuts. 

Edited by T. M. Goodeve, M. A. 

Anderson's Strength of MaterieUs, 3J. td, 
Bloxam's Metals, 3J. dd. 
Goodeve's Mechanics, y. 6d. 

Mechanism, y. 6d. 

Griffin's Algebra dr» Trigonometry, y. dd. 

Notes on the same, with Solutions, 3J. 6^. 
Jenkin's Electricity <Sr» Magnetism, y, 6d, 
Maxwell's Theory of Heat, y. 6d, 
Merrifield's Technical Arithmetic, 3J. 6d, 

Key, 3J. 6d. 
Miller's Inorganic Chemistry, 3J. 6d, 
Shelley's Workshop Appliances, 3^. 6d, 
Watson's Plane 6^ Solid Geometry, 3J. 6d. 

Edited by C. W. Merrifield, F.R.S. 

Armstrong's Organic Chemistry, y, 6d, 
Thorpe's Quantitative Analysis, 4^. 6d, 
Thorpe attd Muir's Qualitative Analysis^ 
31". 6d, 

Address delivered before 

the British Association 
assembled at Belfast; with 
Additions and a Preface. 
By John Tyndall, F.R.S. 
President. 

Svo, price ^s. 

Fragments of Science. 

By John Tyndall, F.R.S. 

Third Edition, Svo, 141*. 
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Heat a Mode of Motion. 

By yohn Tyndall, F.R.S. 

Fourth Edition, Cr, S/vo, with WoodctttSj 
los, 6d, 

Sound; a Course of Eight 

Lectures delivered at the 

Royal Institution of Great 

Britain. 

By John Tyndall, F.R.S. 

Portrait and Woodcuts. Cr, Svo. gs. 

Researches on Diamag- 

netism and Magne-Crystal- 

lic Action; including the 

Question of Diamagnetic 

Polarity. 

By yohn Tyndall, F.R.S. 

With 6 Plates and many Woodcuts. Svo. I4f. 

Contributions to Mole- 
cular Physics in the do- 
inain of Radiant Heat. 
By yohn Tyndally F.R.S. 

With 2 Plates and 2i^ Woodcuts. %vo. i6j. 

Lectures on Lights de- 
livered in the United States 
of America in 1872 and 

. 1873. 
By J. Tyndall, F.R.S. 

Crown $vo. ys. 6d. 

Notes of a Course of 

Seven Lectures on Electri- 
cal Phenx)mena and Theo- 
ries, delivered at the Royal 
Institution. 
By y. Tyndally F.R.S. 

Crown Svo. is. sewed, or Is. 6d. cloth. 



Notes of a Course of Nine 

Lectures on Light, delivered 
at the Royal Institution. 
By y. Tyndall, F.R.S. 

Crown Sz/O. is. sewed, or is. 6d. cloth. 

A Treatise on Magne- 
tism, General and Terres- 
trial. 

By Humphrey Lloyd, 
D.D. D.C.L. Provost of 
Trinity College, Dublin. 

%vo. price los. 6d. 

Ele^nentary Treatise on 

the Wave-Theory of Light. 
By H. Lloyd, D.D. D.C.L. 

Third Edition, ^o. los. 6d. 

Professor Owen's lec- 
tures on the Comparative 
Anatomy and Physiology 
of Invertebrate Animals. 

2nd Edition^ with 235 Woodcuts, ^o. 2is. 

The Comparative Ana- 
tomy and Physiology of the 
Vertebrate Animals. 
By Richard Owen, F.R.S. 

With 1,472 Woodcuts. 3 vols. 8w. £'^. iy.6d. 

Light Science for Lei- 
sure Hours ; a Series of 
Familiar Essays on Scien- 
tific Subjects, Natural Phe- 
nomena, &c. 
By R. A. Proctor, B.A. 

First and Second Series, 2 vols, crown 8zv. 
7j. (>d. each. 
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Kirby and Spence's In- 

troduction to Entomology, 
or Elements of the Natural 
History of Insects. 

Crown Svo. ^s. 

Strange Dwellings ; a De- 
scription of the Habitg^tions 
of Animals, abridged from 
* Homes without Hands! 

By Rev. J. G. Wood, M.A. 

With Frontispiece and 6o Woodatts. Crown 
Zvo, *js. 6d, 

Homes without Hands ; 

a Description of the Habi- 
tations of Animals, classed 
according to their Principle 
of Construction. 

By Rev. J. G. Wood, M.A. 

With about 140 Vignettes on Wood, %vo, 21s, 

Out of Doors ; a Selec- 
tion of Original Articles 
on Practiced. Natural His- 
tory. 

By Rev. J. G. Wood, M.A. 

With 6 Illustrations from Original Designs 
engraved on Wood, Crown %vo. *js, 6d, 

m 

The Polar World: a 

Popular Description of 
Man and Nature in the 
Arctic and Antarctic Re- 
gions of the Globe. 

By Dr. G. Hartwig. 

With Chromoxyiographs^ Maps, and Wood- 
cuts, Svo, I or. 6d, 



The Sea and its Living 

Wonders. 

By Dr. G. Hartwig. 

Fourth Edition^ enlarged, Bivo. with many 
Illustrations^ lar. 6d, 

The Tropical World ; a 

Popular Scientific Account 
of the Natural History of 
the Equatorial Regions. 
By Dr. G. Hartwig. 

With about 200 Illustrations, %fvo, icxr. td. 

The Subterranean World. 

By Dr. G. Hartwig. 

With Maps and many Woodcuts, Svo, 2 is. 

The Aerial World. 

By Dr. George Hartwig. 

With 8 Chromoxylographs and about 60 
other Illustrations engraved on Wood, 
%vo, price lis. 

Insects at Home; aPopu- 

lar Account of British 
InsectSy their Structure^ 
HabitSy and Transforma- 
tions. 
By Rev. J. G. Woody M.A. 

With upwards of'joo Woodcuts, Svo. 2is, 

Insects Abroad ; being a 

Popular Account of Foreign 
Insects y theirStructurey Ha- 
bitSy and Transformations. 
By Rev. J. G. Woody M.A. 

With upwards of *iQO Woodcuts, %fvo,2\s, 

A Familiar History of 

Birds. 

By E. Stanleyy D.D. late 
Ld. Bishop of Norwich. 

Fcp, Svo, with Woodcuts, y, 6d, 
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Rocks Classified and De-- 

scribed. 

By B. Von Cotta. 

English Edition^ by P. H. Lawrence {with 
English^ German^ and French Syno- 
nymes), revised by the Author, Post 

PrimcBval World of Swit- 

zerland. 

By Professor Oswald Heer^ 
of the University of 
Zurich, Translated by 
W. S. Dallas, F.LS. 
and edited by Mantes 
Hey woody M.A. RRS. 

2 vols, Svo, with numerous Illustrations, 

[In the press. 

The Origin of Civilisa- 

tion, and the Primitive 
Condition of Man; Men- 
tal and Social Condition of 
Savages. 

By Sir J. Lubbock, Bart. 
M.P. F.R.S. 

Third Edition, with 2$ Woodcuts, Svo, i6s, 

A Manual of Anthro- 
pology, or Science of Man, 
based on Modern Research. 
By Charles Bray. 

Crown Svo, ^s, 

A Phrenologist amongst 

the Todas, or the Study of 
a Primitive Tribe in South 
India; History, Character, 
Customs, Religion, Infanti- 
cide, Polyandry, Language. 
By W. E. Marshall, Lieut. - 
Col. Bengal Staff Corps. 

With 26 Illustrations, Svo, 2is. 



The Ancient Stone Im- 
plements, Weapons, and Or- 
naments of Great Britain, 

By John Evans, F.R.S. 

With 2 Plates and 476 Woodcuts. S/vo. zSs. 

The Elements of Botany 

for Families and Schools. 
Tenth Edition, revised by 
Thomas Moore, F.L.S. 

Fcp, Zvo,with 1^^ Woodcuts 2s. 6d, 

Bible Animals ; a De- 

scription of every Living 
Creature mentioned in tfie 
Scriptures, from, the Ape 
to the Coral. 
By Rev. J. G. Wood, M.A. 

With about ICX) Vignettes on Wood, S/vo. 2 is. 

The Rose Amateur's 
Guide. 
By Thomas Rivers. 

Tenth Edition, Fcp. Svo, 4s, 

A Dictionary of Science, 

Literature, and Art. 

Fourth Edition, re-edited 
by the late W. T. Brande 
(the Author )and Rev. G. 
W. Cox, M.A. 

3 vols, medium Svo, 6y, 

Loudon's Encyclopcedia 

of Plants ; comprising the 
Specific Character, Descrip- 
tion, Culture, History, &c. 
of all the Plants found in 
Great Britain. 

Vf^ith upwards of i2yOOoWoodcuts, Svo, 42^. 
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The Treasury of Botany, 

or Popular Dictionary of 

the Vegetable Kingdom ; 

with which is incorporated 

a Glossary of Botanical 

Terms. 

Edited by y. Lindley, 

F.RS. and T. Moore y 

RL.S. 

With 274 Woodcuts and 20 Steel Plates. 
Two Par is f fcp, Svo. 12s, 

Handbook of Hardy 

Trees, Shrubs, and Her- 
baceous Plants; containing 
Descriptions &c. of the 
Best Species in Cultivation; 
with Cultural Details, 
Comparative Hardiness, 
suitability for particular 
positions, &c. Based on 
the French Work of De- 
caisne and Naudin, and 
including the 720 Original 
Woodctit Illustrations. 
By W. B. Hemsley. 

Medium %vo. 2is, 



A General System of 

Descriptive and Analytical 
Botany. 

Translated from theFrench 
of Le Maout and De- 
caisne, by Mrs. Hooker. 
Edited and arranged 
according to the English 
Botanical System, by y. 
D. Hooker, M.D. &c. 
Director of the Royal 
Botanic Gardens, Kew. 

With 5, 500 Woodcuts, Imperial Svo. 5 2s, 6d, 



Forest Trees and fVood- 

la nd Scenery, as described 
in Ancient and Modern 
Poets. 

By William Menzies, De- 
puty Surveyor of Wind- 
sor For est and Parks, &c. 

In One Volume^ imperial /^o, with Twenty 
Plates^ Coloured in facsimile of the 
original drawings ^ P^^£S' 5-^* 

[Preparing for publication. 



CHEMISTRY and PHYSIOLOGY. 



Miller's Elements of 

Chemistry, Theoretical and 
Practiced. 

Re-edited, with Additions, 
by H. Macleod, F.C.S. 

3 vols, %fvo, £2* 

Part I. Chemical Physics, 15J. 
Part II. Inorganic Chemistry, 2ij. 
Part III. Organic Chemistry, 2^. 



A Manuat of Chemical 

Physiology, including its 
Points of Contact with 
Pathology. 

By J. L. W. Thudichum, 
M.D. 

Svo. with Woodcuts, *js, 6d. 
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A Dictionary of Che- 
mistry and the Allied 
Branches of other Sciences. 
By Henry Watts, KCS. 
assisted by eminent 
Scientific and Practical 
Chemists. 

6 vols, medium %vo. £%. 14J'. 6^. 

Second Supplement com- 
pleting the Record of Dis- 
covery to the end of 1872. 

\In the press, 

A Course of Practical 

Chemistry, for the use of 
Medical Students. 
By W. Odling, F.R.S. 

Crown Svo. Woodcuts, *js, 6d. 



Select Methods in Chemi- 
cal Analysis y chiefly Inor- 
ganic. 
By Wm. Crookes, F.R.S. 

With 22 Woodcuts. Crown Svo. I2s, 6d. 

Todd and Bowman s 

Physiological A natomyy and 
Physiology of Man. 

Vol. II. with numerous Illustrations^ 25^. 

Vol. I. Nrof Edition by Dr. Lionel S. 
Beale, F.R.S. in course 0/ publication^ 
with numerous Illustratiotts. Paris I. and 
II. in Svo. price "is. dd. each. 

Outlines of Physiology, 

Human and Comparative. 

By 7. Marshall, F.R.C.S. 
Surgeon to the Univer- 
sity College Hospital. 

2 vols. cr. Svo. with 122 Woodcuts, 32J. 



The FINE ARTS and ILLUSTRATED 

EDITIONS. 



Albert DureVy his Life 

and Works; including Au- 
tobiographical Papers and 
Complete Catalogues. 
By William B. Scottt 

With 6 Etchings by tJ^ Author and other 
Illustrations. %vo, \(>s. 

In Fairyland; Pictures 

from the Elf- World. By 
Richard Doyle. With a 
Poem by W. A llingham. 

With 16 coloured Plates, containing 36 De- 
signs. Second Edition, folio, i^s. 



A Dictionary of Artists 

of the English School: 
Painters y Sculptors, Archi- 
tects, Engravers, and Or^ia- 
mentists ; with Notices of 
their Lives and Works. 
By Samuel Redgrave* 

Svo. 1 6s, 

The New Testament, il- 
lustrated with Wood En- 
gravings after the Early 
Masters, chiefly of the 
Italian School. 

Crozvn ^0, 6y, 
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'jThe Life of Man Sym- 

bolised by the Months of 

the Year. 

Text selected by R. Pigot. 

25 Illustrations on Wood from Designs by 
John Leightony F.S,A, Quarto^ 42J. 

Z^yra Germanica ; the 

Christian Year and the 
Christian Life. 
Translated by Miss C. 
Winkworth. 

With about 325 Woodcut Illustrations by J, 
Leighton, F.S.A. and other Artists, 
2 vols, 4/47. price 42J. 

Lord Macaulay's Lays 

of Ancient Rome. With 
90 Illustrations on Wood 
from Drawings by G. 
Scharf 

Fcp, 4/^. 2 1 J. 

Miniature Edition, with 

Scharf s 90 Illustrations 
redtued in Lithography. 

Imp, i6mo. I ox. 6d, 



Sacred and Legendary 
Art. 

By Mrs. Jameson. 

6 vols, square crown ^o. price J^^, \^s, 6d, 
as follows: — 

Legends of the Saints 

and Martyrs. 

New Edition ^ with 19 Etchings and 187 
Woodcuts, 2 vols, 3 1 J. 6d, 

Legends of the Mo7iastic 

Orders. 

New Edition^ with II Etchings and 88 
Woodcuts, I vol, 2 IX. 

Legends of the Madonna. 

New Edition y with 27 Etchings and 165 
Woodcuts, I vol, 2 IX. 

The History of Our Lord, 

with that of his Types and 
Precursors. 

Completed by Lady East- 
lake. 

Revised Edition^ with 13 Etchings and 281 
Woodcuts, 2 vols, 42X. 



The USEFUL ARTS, MANUFACTURES, iScc. 



A Manual of Architec- 
ture : being a Concise His- 
tory and Explanation of the 
Principal Styles of Euro- 
pean Architecture, Ancient, 
Mediceval, and Renaissance; 
with a Glossary. 
By Thomas Mitchell, Au- 
thor of ' The Stepping 
Stone to Architecture' 

With \^o Woodcuts, Crown Svo, lOx. 6d, 



History of the Gothic 

Revival ; an Attempt to 
shew how far the taste for 
Medieval Architecture was 
retained in England during 
the last two centuries, and 
has been re-developed in the 
present. 

By Charles L. Eastlake, 
Architect. 

With 48 Illustrations, Imp, Svo, 3IX. 6d, 
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Industrial Chemistry ; a 

Manual for Manufactu- 
rers and for Colleges or 
Technical Schools. Being a 
Translation of Professors 
Stohntann and Engler's 
German Edition of Pay ens 
^ Pr&is de Chimie Indus- 
trie lie,' by Dr. J. D. Barry. 
Editedy and supplemented 
with Chapters on the 
Chemistry of the Metals y 
by B. H. Pauly Ph.D. 

Sz/<7. with Plates and Woodcuts, 

[In the press, 

Gwilfs EncyclopcBdia of 

Architecture^ with above 

1, 600 Woodcuts. 

Fifth Editiony with Altera 
tions and AddittonSy by 
Wyatt Papworth. 

%vo, 52J. 6^. 

The Three Cathedrals 

dedicated to St. Paul in 
London ; their History 
from the Foundation of 
the First Building in the 
Sixth Century to the Pro- 
posals for the Adornment 
of the Present Cathedral. 
By W. Longmany F.S.A. 

With numerous Illusiraii4>ns, Square crown 
Svo, 21s. 

Hints on Household 

Taste in Furniturey Up- 
holstery y and other Details. 
By Charles L. East lake y 
Architect. 

New Edition^ with about 90 Illustrations. 
Square crown ^0, 141. 



Geometric Turning; com- 
prising a Description of 
Plant's New Geontet-ric 
Chucky with Directions /or 
its usey and a Series of 
Patterns cut by it^ ivith 
Explanations. 
By H. S. Savory. 

With 571 Woodcuts, Square cr, Siz/o. 21s. 

Lathes and .Turningy 

Simphy Mechanicaly and 

Ornamental. 

By W. Henry Northcott. 

With 240 Illustrations, &vo. iSs. 

Handbook of Practical 

Telegraphy. 

By R. S. Culleyy Memb. 
Inst. C.E. Engineer-in- 
chief of Telegraphs to 
the Post-Office. 

Sixth Edition^ Plates <Sr» Woodcuts. Svo, i6s. 

Principles of Mechanism y 

for the use of Stvdents in 
the Universities, and for 
Engineering Students. 
ByR. Willis, M. A. F.R.S. 
Professor in the Univer- 
sity of Cambridge. 

Second Edition, with 374 Woodcuts, Svo. I&f. 

Perspective ; oVy the Art 

of Drawing what one Sees : 
for the Use of those Sketch- 
ing from Nature. 
By Lieut. W. H. Collins, 
R.E. F.R.A.S. 

With 37 Woodcuts, Crown ^vo. Sj. 



NEW WORKS PUBLISHED BY LONGMANS & CO. 



27 



^ncyclopcedia of Civil 

Engineering, Historical, 
Theoreticaly and Practical. 
By E. Cresy, C.E. 

With aJxrve 3,000 Woodcuts, ^^o, 42J. 

^ Treatise on the Steam 

Engine, in its variotis ap' 
plications to Mines^ Mills, 
Steam Navigation, Rail- 
ways and Agriculture. 
By y. Bourne, C.E. 

With Portrait^ 37 PlaUs^ and 546 Wood- 
cuts, ^0. 42^. 

Catechism of the Steam 

Engine, in its various Ap- 
plications. 
By John Bourne, C.E. 

New Edition^ with 89 Woodcuts, Fcp, %vo, 6 j. 

Handbook of the Steam 

Engine. 

By y. Bourne, C.E. form- 
ing a Key to the Author's 
Catechism of the Steam 
Engine. 

With 67 Woodcuts, Fcp, &z/o. 9J. 

Recent Improvements in 

the Steam Engine. 
By J. Bourne, C.E. 

With 124 Woodcuts, Fcp, Sz/o. 6s, 

Lowndes's Engineer's 

Handbook ; explaining the 
Principles which should 
guide the Yqung Engineer 
in the Construction of Ma- 
chinery. 

Post Sz/0, 5j. 



[/re's Dictionary of Arts ^ 

Manufactures, and Mines. 
Sixth Edition, re-written 
and greatly enlarged by 
R. Hunt, F.R.S. assisted 
By numerous Contributors. 

With 2^000 Woodcuts. 3 vols, medium Svo, 
£^ 14J. 6d, 

Handbook to the Miner Or- 

logy of Cornwall and 
Devon; with Instructions 
for their Discrimination, 
and copious Tables of Lo- 
cality. 
By 7. H. Collins, F.G.S. 

With 10 Plates, Svo, 6s. 

Guns and Steel ; Miscel- 
laneous Papers on Mechani- 
cal Subjects. 

By Sir J. Whitworth, 
C.E. F.R.S. 

With Illustrations. Royal Svo. p. td. 

Practical Treatise on 

Metallurgy, 

Adapted from the last Ger- 
man Edition of Professor 
KerVs Metallurgy by W. 
CrookeSy F.R.S. &c. and 
E. Rohrig, Ph.D. 

3 vols. Svo. with 625 Woodcuts. £4. igs. 

Treatise on Mills and 
Millwork. 

By Sir W. Fairbairn, Bt. 

With 1 8 Plates and 322 Woodcuts. 2 vols. 
Svo. 32J-. 
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Useful Information for 

Engineers. 

By Sir W. Fairbairn, BL 

With many Plates and Woodcuts, 3 vols, 
crown %fvo. 3IJ. dd. 

The Application of Cast 

and Wrought Iron to 

Building Purposes, 

By Sir W. Fairbairn^ Bt. 

With 6 Plates and 1 18 Woodcuts, Svo. i6s. 

The Strains in Trusses 

Computed by means of Dia- 
grams; aiith 20 Examples. 
By F. A. Ranken, C.E. 

With 35 Diagrams, Square cr, %fvo. 6j. 6</. 

Practical Handbook of 

Dyeing and Calico-Print- 
ing. 
By W. CrookeSy F.R.S. &c. 

With numerous Illustrations and Specimens 
of Dyed Textile Fabrics, Svo. 42s. 

MitchelVs Manual of 

Practical Assaying. 

Fourth Edition, revised, 
with the Recent Disco- 
veries incorporated, by 
W. CrookeSy F.R.S. 

Svo, Woodcuts f 3 1 J. 6d, 



Occasional Papers on 

Subjects connected ivith 
Civil Engineering, Gun- 
nery, and NavcU Archi- 
tecture. 

By Michael Scott, Metnb. 
Inst. C.E. & of Inst.' 
N.A. 

2 vols, Svo, Tvith Plates, 42^. 

Loudon's Encyclopcedia 

of Gardening : comprising 
the Theory and Practice of 
Horticulture, Floriculture, 
Arboriculture, and Land- 
scape Gardening. 

With ijCXX) Woodcuts, Svo. 2ls. 

Loudon's Encyclopcedia 

of Agriculture : comprising 
the Laying-out, Improve- 
ment, and Management of 
Landed Property, and the 
Cultivation and Economy 
of the Productions of Agri- 
culture. 

With 1,100 Woodcuts, Sfvo, 7.\s. 



RELIGIOUS and MORAL WORKS, 



An Expo sit io7i of the 39 

Articles, Historical and 
Doctrinal. 

By E. H. Browne, D.D. 
Bishop of Winchester. 

New Edition, Svo, i6s. 



An Introduction to the 

Theology of the Church of 
England, in an Exposition 
of the 2y9 Articles. By Rev. 
T. P. Boultbee, LL.D. 

Fcp, Svo, 6s, 
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Jiistorical Lectures on 

the Life of Our Lord Jesus 

Christ. 

By C. y. Ellicott, D.D. 

Fifth EdiHon, Zvo, I2s, 

Sermons; including Two 

Sermons on the Interpre- 
tation of Prophecy y and an 
Essay on the Right Inter- 
pretation and Understand- 
ing of the Scriptures. 
By the late Rev. Thomas 
Arnoldy D.D. 

3 vols. 8z/^. prke 24J. 

Christian Life^ its 

Course, its Hindrances, 
and its Helps; Sermons 
preached mostly in the 
Chapel of Rugby School. 
By the late Rev. Thomas 
Arnoldy D.D. 

%vo. "js. 6d. 

Christian Life, its 

Hopes, its Fears, and its 
Close; Sermons preached 
mostly in the Chapel of 
Rugby School. 
By the late Rev. Thomas 
Arnold, D.D. 

Sermons Chiefly on the 

Interpretation of Scrip- 
ture. 

By the late Rev. Thomas 
Arnold, D.D. 

^0. price *js, 6//. 



Sermons preached in the 

Chapel of Rugby School ; 
with an Address before 
Confirmation. 

By the late Rev. Thomas 
Arnold, D.D. 

Fcp. Svo, price y, 6d. 

Three Essays on Reli-- 

gion : Nature ; the Utility 
of Religion; Theism. 

By John Stuart Mill. 

%vo. price I Of. dd. 

Synonyms of the Old Tes- 

tamenty their Bearing on 

Christian Faith and 

Practice. 

By Rev. R. B. Girdlestone^ 

%vo. 1 5 J. 

Reasons of Faith; or, 

the Order of the Christian 

Argument Developed and 

Explained. 

By Rev. G. S. Drew, M.A. 

Second Edition, Fcp, %vo, 6j. 

The Eclipse of Faith : 

or a Visit to a Religious 

Sceptic. 

By Henrv Rogers. 

Latest Edition, Fcp, Svo, Ss, 

Defence of the Eclipse of 

Faith. 

By Henry Rogers. 

Latest Edition. Fcp, Svo. y. 6d. 
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Sermons for the Times 

j>reached in St. PauVs 
Cathedral and elsewhere. 
By Rev. T. Griffith, M.A. 

Crown Svo, 6s, 

The Life and Epistles of 
St. Paul. 

By Rev. W. J. Conybeare, 
M.A. and Very Rev. J. 
S. Howsony D.D. 

XlBRARY Edition, vnth all the Original 
niustraHons^ Maps^ Landscapes on Sted, 
WoodcutSy S^c. 2 vols. ^0. /fis. 

Intermediate Edition, with a Selection 
of Maps J Plates, and Woodcuts, 2 vols, 
square crown S/z/o. 2ls, 

Student's Edition, revised and condensed, 
with 46 Illustrations and Maps, I vol, 
crown Svo, gs, 

A Critical and Gram- 
matical Commentary on St. 
Paul's Epistles. 
By C J. Ellicott, D.D. 

Svo, Galatians, Ss. 6d, Ephesians, ^. 6d, 
Pastoral Epistles, lor. 6d. Philippi- 
ans, Colossians, & Philemon, los, 6d, 
Thessalonians, 7^. 6d, 

The Voyage and Ship- 
wreck of St. Paul ; with 
Dissertations on the Ships 
and Navigation of the 
Ancients, 
By James Smith, F.R.S. 

Crown Svo. Charts, los. 6d, 

Evidence of the Truth 

of the Christian Religion 
derived from the Literal 
Fulfilment of Prophecy. 
By Alexander Keith, D.D. 

spth Edition, with numerous Plates, 
Square Svo. 12s. td. or in post Svo, 
with 5 Plates, 6s. 



Historical and Critical 

Commentary on the Old 

Testament; with a New 

Translation. 

By M. M. Kalisch, Ph.D. 

Vol, /. Genesis, Sofo, iSs. or adapted for the 
General Reader, 12s, Vol, II, Exodus, 
15^. or adapted for the General Reader^ 
I2J. Vol, III, Leviticus, Part I, 15J. 
or adapted for the General Reader^ os. 
Vol, IV, Leviticus, Part II 15J. or 
adapted for the General Reader ^ 8j. 

The History and Litera- 
ture of the IsraeliteSy ac- 
cording to the Old Testa- 
ment and the Apocrypha. 
By C. De Rothschild and 
A. De Rothschild. 

Second Edition, 2 vols, crownSevo. 12s, 6d. 
Abridged Edition, in I vol, fcp, &z/o, y, 6d. 

Ewald' s History of 

Israel. 

Translated from the Ger- 
man by y. E. Carpenter, 
M.A. with Preface by 
R. Martineau, M.A. 

5 vols, Svo, 63J. 

Commentary on Epistle 

to the Romans. 

By Rev. W. A. OConor. 

Crown Svo. 3^. 6d. 

A Commentary on the 

Gospel of St. John. 

By Rev. W. A. OConor. 

Crown Svo, I or. 6d, 

The Epistle to the He- 

brews; with Analytical 
Introduction and Notes. 
By Rev. W. A. OConor. 

Crown Si/o, 4X. 6d, 
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thoughts for the Age. 

By Elizabeth M. SewelL 

New Edition. Fcp. Svo, 3J. 6^. 

JPassing Thoughts on 

Religion. 

By Elizabeth M. SewelL 

Fcp, Svo, 3J. 6d. 

Self-examination before 

Confirmation. 

By Elizabeth M. SewelL 

'ifl.mo. is. 6d. 

Preparation for the Holy 

Communion ; the Devotions 
chiefly from the works of 
Jeremy Taylor. 
By Elizabeth M. SewelL 

Readings for a Month 

Preparatory to Confirma- 
tion, from Writers of the 
Early and English Church. 
By Elizabeth M. SewelL 

Fcp, Svo. 4s. 

Readings for Every Day 

in Lent, compiled from the 
Writings of Bishop 
Jeremy Taylor. 
By Elizabeth M. SewelL 

Fcp. Svo. 5j. 

Bishop yeremy Taylor's 

Entire Works ; with Life 
by Bishop Heber. 
Revised and corrected by 
the Rev. C. P. Eden. 

10 vols, ^5. 5j. 



Hymns of Praise and 

Prayer. 

Collected and edited by Rev. 
y. Martineau, LL.D. 

Crown Svo. 4s. 6d. 

Thoughts for the Holy 

Week, for Young Persons. 
By Elizabeth M. SewelL 

New Edition. Fcp. %vo. 2s. 

Spiritual Songs for the 

Sundays and Holidays 
throughout the Year. 

ByJ. S. B. MonselL LL.D. 

Fourth Edition. Fcp. %vo. 4J. 6</. 

Lyra Germanica; Hymns 

transLatedfrom the German 
by Miss C. Winkworth. 

2 serieSf fcp. Svo. 3^. 6d. each. 

Endeavours after the 

Christian Life; Discourses. 

By Rev. y. MartineaUy. 
LL.D. 

Fifth Edition. Crown %vo. *js. 6d.. 

An Introduction to the 

Study of the New Testa- 
menty Critical, Exegeticaly 
and Theological. 
By Rev. S. Davidson, D.D. 

2 vols. Svo. 30J. 

Supernatural Religion; 

an Inquiry into the Reality 
of Divine Revelation. 

New Edition. 2 vols. Svo. 24/. 
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The Life of Christ. 

For the use of Young Per- 
sons, selected from the Gos- 
pels and Chronologically 
arranged; with Supple- 
mentary Notices from 
parallel Passages. 
By the Rev. R. B. Gar- 
diner, M.A. 

Crown %vo, 2s, 

JLecttires on the Penta- 
teuch & the Moabite Stone; 
with Appendices. 
JBy y. W. Colenso, D.D. 
Bishop of Natal. 



The Pentateuch and Book 

of yoshua Critically Ex- 
amined. 

By y. W. Colenso, D^. 
Bishop of Natal. 

Crown Svo. 6s. 

The New Bible Com- 
mentary^ by Bishops and 
other Clergy of tlie Ati- 
glican Church, critically 
examined by the Rt. Rev. 
y. W. Colenso, D.D. 
Bishop of Natal. 

Sz/o. 2 5 J. 



TRAVELS, VOYAGhES, &c. 



The Valleys of Tirol ; 

their Tra£tions and Cus- 
toms, and How to Visit 
them. 

By Miss R. H. Busk, 
Author of ' The Folk- 
Lore of Rome' &c. 

IViih Frontispiece attd 3 Alaps. Crown 
$ifO. I2s. 6d, 

JEighf Years in Ceylon. 

By Sir Samuel W. Baker, 
M.A. F.R.G.S. 

J^eiv Edition, with Illustrations engraved 
on Wood by G, Pearson, Crcrvn Svo. 
Price "js. 6d, 

The Rifle and the Hound 

in Ceylon. 

By Sir Samuel W. Baker, 
M.A. F.R.G.S. 

New Edition, with Illisstrations engraved 
on Wood by G. Pearson. Crown Svo, 
Price yj. td. 



Meeting the Sun ; a 

Journey all round the 
World through Egypt, 
China, Japan, and Cali- 
fornia. 

By William Simpson, 
F,R.G.S. 

With Heliotypes and Woodcuts. Svo. 24s. 

The Rural Life of Eng- 
land. 

By William Howitt. 

Woodcuts J Svo, I2s, 6d. 

The Dolomite Moun- 
tains. Excursions through 
Tyroly Carinthia, Carniola, 
and Friuli. 

By y. Gilbert and G. C. 
Churchill, F.R.G.S. 

With Illustrations. Sq. cr. 9vo. 2IJ. 
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The Alpine Club Map 

of the Chain of Mont 
• J5 lane y from an actual Sur- 
Tjey in 1863- 1864. 
By A. AdamS'Reillyy 
F.R,G.S. M.A.C 

In Chromolithographyi on extra stout draw- 
ing paper lor. or mounted on canvas 
in a folding case, I2s, 6d, 

The Alpine Club Map 

of the Valpelline, the Val 
Tournanche, and the South- 
ern Valleys of the Chain of 
Monte Rosay from actual 
Survey. 

By A. AdamS'Reillyy 
F.R.G.S. M.A.C 

Price 6j. on extra Stout Drawing Paper, or 
*js, 6d. .mounted in a Folding Case, 

Hours of Exercise in the 

Alps. 

By John Tyndally F.R.S. 

Third Edition^ with 7 Woodcuts by E, 
Whymper, Crown %evo, I2j. 6rf. 

Guide to the Pyrenees, for 

the use of Mountaineers. 
By Charles Packe. 

Second Edition^ with Maps &^c. and Ap- 
pendix. Crown $vo. *js. 6d, 

How to See Norway. 

By y. R. Campbell 

With Map and 5 Woodcuts^ fcp, Svo. $s. 

Untrodden Peaks and 

Unfrequented Valleys; a 
Midsummer Ramble among 
the Dolomites. 
By Amelia B. Edwards. 

With numerous Illustrations, Svo. 21s. 



The Alpine Club Map 

of Switzerland^ with parts 
of the Neighbouring Coun- 
trieSy on the scale of four 
miles to an Inch. 
Edited by R. C Nichols ^ 
F,S.A. P,R.G.S. 

In Four Sheets, in Portfolio, 42s. or 
mounted in a Case, 52^. 6d, Each 
Sheet may be had separately, price I2j. 
or mounted in a Case, 15J. 

The Alpine Guide. 

By John Ball, M.R.I. A. 
late President of the 
Alpine Club. 

Post &/<?. with Maps and other Illustrations, 

Eastern Alps. 

Price lOf. 6^. 

Central Alps, including 

all the Oberland District. 

Price *js. 6d. 

Western Alps, including 

Mont Blanc ^ Monte Rosa^ 
Zermatty &c. 

Price 6j. 6^/. 

Introduction on Alpine 

Travelling in general, and 
on the Geology of the Alps. 

Price I J. Either of the Three Volumes or Parts 
of the * Alpine Guide^ may be had with 
this Introduction prefixedy is. extra, 

y^isits to Remarkable 

, Places, and Scenes illus- 
trative of striking Passages 
in English History and 
Poetry. 
By William Howitt. 



2 vols. Sz'o. Woodcuts, 25J. 
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W^ORKS of FICTION. 



IVhispers from Fairy- 
land. 

By the Rt. Hon. E. H. 
Knatchbull - Hugessen^ 
M.P. Author of' Stories 
for my Children' ' Moon- 
shine,' ' Queer Folk' &c. 

With 9 llltistrations from Original De- 
signs engraved on Wood by G. Pear- 
son. Crown Svo. price 6s, 

Elena, an Italian Tale. 

By L. N. Comyn. 

2 vols, post Svo, I4f. 

Lady Willoughby' s 

Diary during the Reign of 
Charles the First , the Pro- 
tectorate, and the Restora- 
tion. 

Crown %vo. *js, 6d, 

Cenfulle, a Tale of Pan. 

By Denys Shyne Lawlor, 
A uthor of * Pilgrimages in 
the Pyrenees and Landes! 

Crown Svo, los. 6d. 

The Folk-Lore of Rome, 

collected by Word of Mouth 

from the People. 

By R. H. Busk, Author of 

* The Valleys of Tirol ' 

&c. 

Crown ^0. I2s. 6d, 

Cyllene ; or, The Fall of 

Paganism. 

By Henry Sneyd, M.A. 

2 vols. pOS %V0. I4J'. 



Tales of the Teutonic 

Lands. 

By Rev. G. W. Cox, M.A. 
and E. H. yones. 

Crown %evo. \os. 6d. 

Becker's Gallus; or Ro- 

mun Scenes of the Time of 
Augustus. 

Post^o. *J5. 6d. 

Becker's Charicles : II- 

lustrative of Private Life 
of the Ancient Greeks. 

Post $V0. ys. 6d, 

Tales of Ancient Greece. 

By the Rev. G. W. Cox, 
M.A. 

Crffivn $vo. 6s. 6d. 

The Modern Novelist's 

Library. 

Atherstone Priory, 2s. Boards ; 2s. 6d, cloth. 

The Burgomaster^ s Family, 2s, Boards; 
2s. 6d. cloth. 

Melville's Digby Grand, 2s. and 2s. 6d. 

Gladiators, 2s. and 2s.6d. 

Good for Nothing,2s. 6r*2J. 6d. 

— ^ Holmby House, 2s. and 2s. 6d. 

Interpreter, 2s. and 2s. 6d, 

Kate Coventry, 2s. and 2s. 6d. 

Queen^s Maries, 2s. atid 2s. 6./. 

■ General Bounce, 2s. and2s. 6d. 

Trollope's fVardefi, is. 6d. and 2s. 

Barchester Towers, 2s. and 

2s. 6d. 

Bramley-Moore's Six Sisters of the Val- 
leys, 2s. boards ; 2s. 6d cloth. 
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JVove/s and Tales. 

By the Right Hon. Benja- 
min Disraeli, M.P. 

Cabinet Editions^ complete in Ten Volumes^ 
crown Svo. 6s. eacA, as/ollows : — 



Zj)thair^ dr. 
Coningsby, 6j. 
Sybil, dr. 
Tancredf dr. 



Venetia, dr. 
Alroy^Ixion, &*c. 6s. 
Young Dukey dr^c. dr. 
Vivian Grey, 6s. 



Henrietta Temple, 6s. 
Contarini Fleming, <5r»^. 6s. 



Cabinet Edition y in crowH 

Svo. of Stories and Tales 
by Miss Sewell : — 



Amy Herbert, 2s. 6d. 
Gertrude, 2s. 6d. 
EarVs Daughter, 

25. 6d. 
Experience of Life, 
. 2s. 6d. 
Cleve Hall, 2s. 6d. 



Ursula, y.-6d. 



Ivors, 2s. 6d. 
Katharine Ashton, 

2s. 6d. 
Margaret Percival, 

3J. 6d. 
Laneton Parsonagt, 

3^. 6d. 



POETRY and THE DRAMA. 



Ballads and Lyrics of 

Old France; with other 

Poems, 

By A. Lang. 

Square fcp. Svo. $s. 

Moore's Lalla Rookh, 

TennieVs Edition, with 68 
Wood Engravings. 

Fcp. ^0. 2\S. 

Moore s Irish Melodies, 

Maclises Edition^ with 1 6 1 
Steel Plates. 

Super-roycU %vo. 31 J. 6d. 

Miniature Edition of 

Moore s Irish Melodies, 
with Maclises i6i Illus- 
tr at ions rcdicced in Litho- 
graphy. 

Imp. \6mo. I or. 6d. 

Milton's Lycidas and 

Epitaphium Damonis. 
Edited, with Notes and 

Introduction, by C. S. 

y err amy M.A. 

Crown Svo. JJ. 6d, 



Lays of Ancient Rome ; 

with Ivry and the Ar- 
mada. 
By the Right Hon. Lord 

Macaulay. 

\6mo. y. 6d. 

Lord Macaulay' s Lays 

of Ancient Rome. With 
90 Illustrations on Wood 
from Drawings by G. 
Scharf 

Fcp. 4to. 2 1 J. 

Miniature Edition of 

Lo7^d Macaulay' s Lays 
of 'Ancient Rome, with 
Scharf s 90 Illustrations 
. reduced in Lithography. 

Imp. \6mo. I or. 6d. 

Sou f key's Poetical IVorks 

with the Author s last Cor- 
rections and Additions. 

Medium Svo. with Portrait, 14J. 

Bowdler's Family Shak- 

speare, cheaper Genuine 
Edition. 

Complete in I vol. medium Svo. large type, 
with 36 Woodcut Illustrations, \\s. or 
in 6 vols. fcp. Svo. price 21s. 
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Horatii Opera, Library 

Edition^ with English 
Notes, Marginal References 
and various Readings. 
Edited by Rev. y.E. Yonge. 

9^0. 2IS. 

The yEneid of Virgil 

Translated into English 

Verse. 

By y. Conington, M.A. 

Crown Svo. gs. 



Poems by Jean Inge low. 

2 vols, Fcp. Svo. I or. 

First Series, containing ^ Divided ^^ * The 
Star's Monument t* ^c, l6tA Tfumsand, 
Fcp, %vo, 5^. 

Second Series, ^A Story of Doonty* * Gla- 
dys and her Island^* <^c. 5M Thousand, 
Fcp, Svo, 5j. 

Poems by yean Ingelow. 

First Series, with nearly 
100 Woodcut Illustrations. 

Fcp, 4to, 2IJ. 



RURAL SPORTS, HORSE and CATTLE 

MANAGEMENT, &c. 



Down the Road; or, 

Reminiscences of a Gentle- 
man Coachman. 
By C. T. S. Birch Rey- 
nardson. 

With Twelve Chromolithographic Illustra- 
tions from Original Paintings by H, 
Aiken, Medium Svo, [Nearly ready, 

Blaine's Encyclopcedia of 

Rural Sports; Complete 
Accounts, Historical, Prac- 
tical, and Descriptive, of 
Hunting, Shooting, Fish- 
ing, Racing, &c. 

With above 600 Woodcuts {2.0 from Designs 
^^ John Leech). %afo, 2\s, 

A Book on Angling: 

a Treatise on the Art of 
Angling in every branch, 
including full Illustrated 
Lists of Salmon Flies. 
By Francis Francis. 

Post%vo, Portrait and Plates, 15J. 



IVilcocks's Sea-Fisher- 

mun : comprising the Chief 
Methods of Hook and Line 
Fishing, a glance at Nets, 
and remarks on Boats and 
Boating. 

New Edition^ with 80 Woodcuts. 
Post Svo. 1 2 J. 6d, 

The Ox, his Diseases and 

their Treatment ; with an 
Essay on Parturition in the 
Cow. 

By y. R. Dobson, Memb. 
R.C.V.S. 

Crown Svo, ivith Illustrations, *js, 6d, 

A Treatise on Horse- 
Shoeing and Lameness. 
By y. Gamgee, Vet. Surg. 

Svo, with 55 Woodcuts, los. 6d, 

Youatt on the Horse. 

Revised and enlarged by W. 
Watson, M.R.C.V.S, 

Svo, Woodcuts, I2s. 6df 



NEW WORKS PUBLISHED BY LONGMANS & CO. 



87 



"YTouatfs Work on the 

Dogy revised and enlarged. 

%fuo. Woodcuts f 6s, 

Horses and Stables. 

By Colonel F. Fitzwygranty 
X V. the Kings Hussars. 

With 24 Plates of Illustrations, %vo. lar. 6d, 

The Dog in Health and 

Disease. 

By Stonehenge. 

IVith 73 Wood Engravings, Square crown 
%vo, 7s, (yd. 

The Greyhound. 

By Stonehenge. 

Revised Edition^ with 24 Portraits of Grey- 
hounds, Square crown Svo, lOs, 6d, 

Stables and Stable Fit- 
tings. 

By W. Miles y Esq. 

Imp, Svo, with 1 3 Plates^ i^s. 

The Horse's Fioot, and 

how to keep it Sound. 
By W. Miles y Esq. 

Ninth Edition, Imp, Svo, Woodcuts, 12s. 6d, 



A Plain Treatise on 

Horse-shoeing. 
By W. Miles y Esq. 

Sixth Edition, Post ^0, Woodcuts, 2s, 6d, 

Rem a rks on Horses' 

Teethy addressed to Pur- 
chasers. 

By W. MileSy Esqi 

Post Svo, IS, 6d, 

The Fly-Fisher's Ento- 
mology. 

By Alfred Ronalds. 
With coloured Representa- 
tions of the Natural and 
Artificial Insect. 

With 20 coloured Plates, Sfvo, i/^. 

The Dead Shot, or Sports- 

man's Complete Guide; a 
Treatise on the Use of the 
Gun, Dog-breakingy Pigeon- 
shootingy &c. 

By Marksman. 

Fcp, %vo, with PlateSy ^s. 
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WORKS of UTILITY and GENERAL 

INFORMATION. 



J^aunders Treasury of 

Knowledge and Library of 
Reference ; comprising an 
English Dictionary and 
Grammar, Universal Ga- 
zetteer. Classical Diction- 
ary, Chronology, Law Dic- 
tionary, Synopsis of the 
Peerage, Useful Tables,&c. 

Fcp, Svo. 6s. 

Maunder s Biographical 

Treasury. 

Latest Edition, recon- 
structed and partly re- 
written, with about i ,cxDO 
additional Memoirs, by 
W. L. R. Cates. 

Fcp, %fvo, 6s. 

Maunder' s Scientific and 

L iterary Treasury ; a 
Popular Encyclopcedia of 
Science, Literature, and 
Art. 

New Edition^ in part re- 
written,with above i,ooo 
new articles, by J, Y. 
Johnson. 

Fcp. 8z/^. 6^. 

Maunder' s Treasury of 

Geography, Physical, His- 
torical, Descriptive, and 
Political. 

Edited by W. Hughes, 
F.R.G,S. 

With 7 Maps and i6 Plates, Fcp, ^o, dr. ' 



Maunder s Historical 

Treasury ; General Intro- 
ductory Outlines of Uni- 
versal History, and a 
Series of Separate His- 
tories, 

Revised by the Rev. G. W. 
Cox, M.A. 

Fcp, Svo. 6s^ 

Maunder' s Treasury of 

N atural History ; or Popu- 
lar Dictionary of Zoology, 

Rezdsed and corrected Edition, Fcp, Sz^o. 
with 900 Woodcuts, dr. 

The Treasury of Bible 

Knowledge ; being a Die- 
tionary of the Books, Per- 
sons, Places, Events, and 
other Matters of which 
-mention is made in Holy 
Scripture. 
By Rev. J. Ayre, M.A. 

WUh MapSy 15 Plates, and numerous Wood' 
cuts. Fcp. Svo. 6s. 

Collieries and Colliers: 

a Handbook of the Law 
and Leading Cases relat- 
ing thereto. 
By y. C. Fowler. 

Third Edition. Fcp. Svo. Js. 6d. 

The Theory and Prac- 
tice of Banking. 
By H. D. Macleod, M.A. 

Second Edition. 2 vols. Svo, 3Qr. 
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Alodern Cookery for Pri- 
vate Families^ reduced to a 
System of Easy Practice in 
a Series of carefully-tested 
Receipts. 

By Eliza Acton. 

WUh% Plates^ 150 Woodcuts, Fcp. Svo, 6s, 

u4 Practical Treatise on 

Brewing; with Formulce 
for Public Brewers^ and 
Instructions for Private 
Families. 
By W. Black. 
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